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PREFACE 


No  small  textbook  covering  the  normal  syllabus  in  Agri¬ 
cultural  Chemistry  has  been  available  in  this  country  to 
students  reading  for  Degrees  and  Diplomas  in  Agriculture. 
An  attempt  to  repair  this  omission  in  respect  of  the  Chemistry 
of  the  Soil  was  made  by  one  of  us  in  1927  and  the  book  then 
published,  “  An  Introduction  to  the  Scientific  Study  of  the 
Soil  ”,  has  been  very  generously  received  both  in  this  country 
and  abroad. 

We  have  given  thought  to  the  desirability  of  writing  two 
further  books,  one  dealing  with  Fertilizers  and  the  other 
with  Animal  Nutrition.  On  reflection,  however,  it  seemed 
to  us  more  desirable  at  the  present  time  to  try  and  cover  the 
greater  part  of  the  normal  undergraduate  syllabus  in  Agri¬ 
cultural  Chemistry  in  one  volume,  Part  I  of  which  is  an 
abridgement  and  modification  of  the  book  already  published. 

This  book  doe?  not  pretend  to  be  more  than  an  introduction 
to  the  subject,  and  we  are  aware  of  its  limitations  and  of 
certain  omissions.  We  would  particularly  refer  to  the 
omission  of  the  Chemistry  of  Insecticides  and  Fungicides. 
A  chapter  on  this  subject  was  prepared,  but  the  develop¬ 
ments  in  the  subject  and  the  introduction  of  new  substances 
are  taking  place  so  rapidly  that  we  feel  anything  written 
to-day  may  be  out  of  date  by  the  time  it  is  published. 

Table  27  is  a  publication  of  the  University  of  Leeds,  first 
drawn  up  by  Dr.  Charles  Crowther,  subsequently  revised  by 
the  late  Mr.  Geoffrey  Milne  and  more  recently  revised  by 
one  of  us  (J.  S.  W.). 

A\e  gratefully  acknowledge  the  invaluable  help  of  our 
colleague,  Mr.  W.  N.  Townsend,  B.Sc.,  who  read  the  proofs 
and  made  many  useful  suggestions. 

NORMAN  M.  COMBER. 

Leeds>  H.  TREFOR  JONES. 

April,  1946.  J.  S.  WILLCOX. 
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PART  I 
SOIL 


INTRODUCTION 

Plant  Growth.  There  are  three  periods  in  the  life  of 
a  plant :  (i)  germination  of  the  seed  ;  (ii)  growth  of  the 
plant ;  (iii)  maturation  of  the  plant. 

Germination.  For  germination  a  seed  only  requires  a 
resting-place,  water,  air  and  a  suitable  temperature.  During 
the  first  part  of  this  period  the  seed  “  rests  ”  in  the  soil  and 
takes  in  water  by  osmosis.  Respiration  (p.  2)  takes  place 
and  gives  energy  for  the  movement  of  the  plumule  and  radical. 
Enzymes  hydrolyse  the  carbohydrates  and  proteins  and 
saponify  the  fats,  and  the  products  are  translocated  to  the 
growing  parts.  Respiration  causes  a  loss  of  total  weight  of 
dry  matter. 

Growth.  When  root  hairs  develop  on  the  radical,  and 
chlorophyll  is  formed  in  the  plumule,  the  young  plant  begins 
rapidly  to  take  carbon  dioxide  from  the  air,  and  water,  with 
small  amounts  of  other  substances,  from  the  soil.  Organic 
compounds  are  formed  in  the  plant  (see  Photosynthesis, 
p.  2)  and  the  loss  due  to  respiration  being  relatively  very 
small  there  is  increase  in  the  total  weight  of  dry  matter. 

Maturation.  In  this  last  period  there  is  translocation  and 
storage  of  material  in  the  seed  or  some  vegetative  part,  and 
there  is  usually  no  further  gain  in  weight  of  dry  matter — 
there  may  be  a  slight  loss  since  respiration  continues. 

Limiting  Factors.  There  are  a  large  number  of  soil 
conditions  that  are  collectively  responsible  for  the  fertility  of 
the  soil  temperature,  water  supply,  air  supply,  bacterial 
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activity  and  the  presence  of  a  number  of  chemical  constituents. 
Some  of  the  constituents  of  the  soil  are  only  taken  up  by 
plants  in  very  small  amounts,  but  they  sometimes  have  very 
big  effects  on  the  amount  of  plant  growth.  Without  small 
amounts  of  potassium  compounds,  for  instance,  photo¬ 
synthesis  cannot  take  place  and  there  is  no  growth.  Or 
again,  small  amounts  of  magnesium  and  iron  are  necessarv 
for  the  formation  of  chlorophyll. 

The  maintenance  of  fertility  is  dependent  upon  all  the 
various  factors  being  satisfactory,  and  there  is  usually  little 
to  be  gained  by  repairing  one  deficiency  if  other  deficiencies 
remain.  There  will,  for  example,  be  little  effect  produced 
by  repairing  a  deficiency  of  phosphate  if  the  soil  remains  too 
dry — the  lack  of  water  will  be  a  “  limiting  factor  ”  prevent¬ 
ing  phosphatic  fertilizers  from  functioning.  The  Rotham- 
sted  plots  show  that  when  nitrogenous  fertilizers  and  mineral 
fertilizers  (phosphate  and  potash)  are  added  to  the  same  plot 
the  increase  in  yield  is  very  much  greater  than  the  increase 
caused  by  nitrogen  alone  plus  the  increase  caused  by  minerals 
alone.  When  either  is  added  by  itself  the  absence  of  the 
other  is  a  limiting  factor. 

The  Plant  and  the  Air.  Respiration  and  Photosynthesis 
are  the  two  main  processes  involved  in  a  plant’s  relation  to 
the  air. 

Respiration.  Plants,  and  all  other  living  organisms,  are 
continuously — day  and  night — taking  in  oxygen  (which 
oxidizes  organic  substances,  chiefly  carbohydrates  and  fats, 
in  the  tissues)  and  giving  out  carbon  dioxide  and  water,  the 
products  of  oxidation.  This  process  gives  the  organism 
energy  for  life  and  growth,  and  its  cessation  is  the  cessation 
of  fife.  In  general  terms  the  process  can  be  represented 
thus : 

CxH2yOy  +  x02  — >  xC02  +  yH20  +  Energy 

Photosynthesis.  During  germination  a  seedling  uses  the 
material  stored  up  in  the  seed  for  the  formation  of  growing 
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parts  and  for  the  material  to  be  oxidized  in  respiration. 
Thereafter  the  plant  must  make  its  own  material  for  its 
further  development  and  for  continued  respiration.  This  it 
does  by  absorbing  carbon  dioxide  from  the  air,  and  water 
from  the  soil,  and  causing  them  to  react  to  form  carbo¬ 
hydrates,  and  other  organic  substances,  and  oxygen  which 
is  given  off.  This  process  goes  on  in  the  leaf,  to  which  water 
is  brought  through  the  stem,  and  the  underside  of  which 
has  “  Stomata  ” — intercellular  spaces  through  which  carbon 
dioxide  is  taken  in.  The  process  only  takes  place  in  the  light 
since  light  energy  is  used  in  the  combination  of  the  carbon 
dioxide  and  water  and  the  use  of  light  for  this  purpose  is 
made  possible  by  the  agency  of  the  chlorophyll  in  the  green 
leaf. 

This  process,  called  Photosynthesis  or,  sometimes,  Carbon 
Assimilation,  is  chemically  the  exact  opposite  of  the  process 
involved  in  respiration : 

Energy  (from  light)  +  *C02  +  yHaO  OxR2yOy  +  x02 

It  will  be  seen,  therefore,  that  respiration  goes  on  at  all 
times,  in  the  dark  and  in  the  light,  while  photosynthesis 
goes  on  only  in  the  light  and  therefore  not  at  night.  During 
the  period  of  growth  the  amount  of  organic  matter  formed 
by  photosynthesis  vastly  exceeds  the  amount  oxidized  by 
respiration :  plants  take  up  carbon  dioxide  in  daylight  at  a 
considerable  rate.  This  can  be  realized  by  considering  the 
facts  that,  although  the  air  contains  only  3  parts  of  carbon 
dioxide  in  10,000,  a  wheat  crop  takes  up  about  3  tons  per  acre 
during  its  growth  and  a  mangold  crop  may  take  up  5  tons. 

The  Plant  and  the  Soil.  The  relation  of  a  plant  to  the 

soil  is  complicated  :  plants  do  not  just  “  dip  into  ”  the  soil 
but  their  roots  become  inseparably  united  with  the  finest 
particle  of  soil  material.  This  will  be  dealt  with  in  Chapter  6  ; 
for  the  present  it  is  only  necessary  to  refer  to  the  very  many 
substances  that  are  taken  up  by  plants  from  the  soil. 

There  are  four  elements,  compounds  of  which  are  com- 
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monly  added  to  the  soil  to  make  up  deficiencies  :  calcium, 
nitrogen,  phosphorus  and  potassium.  Calcium,  which  is 
applied  in  lime,  etc.,  probably  affects  soil  conditions  far 
more  than  it  functions  as  a  “  plant  food  ”  :  but  compounds 
of  the  other  three  are  definitely  required  by  the  plant  and 
are  added  to  the  soil  on  that  account. 

In  addition  to  these  elements,  compounds  of  which 
are  commonly  used  in  liming  and  manuring,  there  are  many 
others  that  are  just  as  necessary  to  the  plant,  although  it  is 
rarely,  if  ever,  necessary  to  add  them  to  the  soil.  Compounds 
of  sodium,  sulphur,  manganese,  iron,  silicon,  iodine,  fluorine, 
and  other  elements,  are  used  by  plants  and  taken  from  the 
soil,  but  soils  do  not  normally  run  short  of  them. 

Some  of  these  substances  are  only  required  in  extremely 
small  amounts.  Certain  plants  need  compounds  of  boron  ; 
leguminous  plants  need  them  for  the  proper  functioning  of 
the  nodule  organism  (p.  55)  ;  but  one  part  in  a  million  of 
a  culture  solution  is  sufficient. 

The  Soil  and  Soil  Material.  Leaving  aside  for  the 
moment  the  cultivated  arable  soils,  it  can  easily  be  seen 
that  virgin  soils,  moorland  and  many  grassland  soils,  vary 
very  much  with  depth.  If  a  cutting  is  made  to  expose  a 
face  or  “  profile  ”  from  the  surface  down  to  the  rock,  there 
is  much  variation.  Sometimes  there  are  sharply  differentiated 
layers  or  “  horizons  ”  of  quite  different  materials,  e.g.  a  layer 
of  acid  organic  matter  followed  below  by  a  layer  of  silver 
sand  and  that  followed  by  a  red  or  brown  clay.  In  other 
profiles  there  may  not  be  so  sharp  a  differentiation  of  horizons 
but  a  gradual,  although  definite,  change  with  depth. 

A  soil  is  heterogeneous  ;  it  has  a  structure  as  truly  as  an 
animal  has,  and  its  parts  are  related  to  one  another  in  a 
way  to  be  discussed  in  Chapters  8  and  9. 

There  are  three  broad  ways  of  considering  an  animal ; 
(i)  the  animal  may  be  considered  as  a  heterogeneous  whole 
with  different  parts  related  to  one  another,  (ii)  the  different 
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constituents — bone,  flesh,  fat,  etc.,  can  be  separated  and 
considered  as  the  animal  materials,  (iii)  the  animal  can  be 
put  through  a  mincing  machine  and  produced  as  a  uniform 
mixture  of  all  its  constituents — such  a  mixture  would  have 
little  meaning  or  interest.  Similarly  with  a  soil,  (i)  it  may 
be  considered  as  a  heterogeneous  whole  with  different  although 
related  parts,  (ii)  the  different  constituents — sand,  clay,  humus, 
etc. — may  be  separated  and  considered  as  soil  materials,  (iii)  it 
may  be  mixed  to  produce  a  uniform  mixture  of  soil  materials. 

Cultivated  soils  differ  from  virgin  and  uncultivated  soils  to 
the  extent  that  the  soil  material  is  more  or  less  uniformly 
mixed  to  the  plough  depth,  but  apart  from  that  they  have  a 
definite  profile  like  all  soils. 

It  is  now  proposed  in  Part  I  of  this  book  to  consider  in 
Section  A  the  properties  of  the  Soil  Materials — clay,  sand, 
organic  matter,  water,  etc. — and  then  in  Section  B  to  con¬ 
sider  The  Soil  and  the  different  types  of  soil  profiles. 
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Chapter  1 

THE  ORIGIN  AND  COMPOSITION  OF 
SOIL  MATERIAL 

MINERAL  MATTER 

The  Composition  of  Igneous  Rocks.  It  is  impossible  in 
a  small  space  to  give  a  detailed  account  of  the  composition 
of  the  chief  minerals  composing  the  original  igneous  rocks, 
but  fortunately  it  is  not  necessary  for  the  present  purpose. 
It  will  be  clear  to  anyone  who  consults  the  textbooks  of 
mineralogy  or  geology  that,  broadly  speaking,  the  chemical 
constituents  of  these  minerals  fall  into  three  groups  :  (i)  strong 
bases,  chiefly  lime,  magnesia,  potash  and  soda  ;  (ii)  weak  bases 
or  sesquioxides  :  oxides  of  iron  and  aluminium  ;  (iii)  silica. 

The  Felspars ,  for  example,  have  the  general  formula 
R2Al2Si60i6,  where  R  is  potassium  in  orthoclase  felspar  and 
sodium  and/or  calcium  in  plagioclase  felspar.  The  Micas  are 
exemplified  by  muscovite,  which  is  K2H4Al6Si6024.  It  is  true 
that  a  few  minerals  do  not  contain  all  the  three  groups  of 
chemical  constituents  named  in  the  previous  paragraph. 
Olivine  and  serpentine  are  silicates  of  magnesium  with  little 
or  no  iron  and  aluminium,  and  quartz  is  almost  entirely  silica. 
An  igneous  rock,  however,  consists  of  a  number  of  different 
minerals,  and  it  may  be  said  of  the  igneous  rocks  generally 
that  they  are  composed  of  strong  bases,  sesquioxides  and 
silica. 

The  Weathering  of  Igneous  Rocks.  Rocks  undergo 
both  mechanical  disintegration  and  chemical  changes  under 

the  influence  of  the  atmosphere  and  the  weather. 

8 


ORIGIN  AND  COMPOSITION 


9 


Mechanical  disintegration  is  caused  by  the  unequal  expan¬ 
sion  and  contraction  of  different  minerals  with  changes  of 
temperature,  and  by  the  freezing  and  consequent  expansion 
of  water  in  cracks  and  crevices. 

Chemical  disintegration  of  minerals  is  primarily  due  to  the 
action  of  water  enhanced  by  the  presence  of  carbonic  acid. 
If  such  a  mineral  as  orthoclase  felspar  is  ground  up  in  a 
mortar  with  water,  the  water  becomes  perceptibly  alkaline, 
and  the  more  so  if  carbonic  acid  is  present.  The  first  action 
of  water  is  generally  to  bring  some  of  the  strong  bases  into 
solution.  This  hydrolysis,  as  it  is  called,  can  be  represented 
thus : 

K2Al2Si6016  +  2H20  ->  2KOH  +  H2Al2Si6016 

Slowly  but  surely  rain-water  has  this  sort  of  effect  as  it  per¬ 
colates  on  and  through  the  earth’s  surface  :  the  strong  bases 
are  removed  from  their  original  combination  in  the  silicate 
structure  so  that  the  potassium,  sodium,  calcium  and  mag¬ 
nesium  are  more  and  more  replaced  by  hydrogen,  the  silicate 
becoming  less  of  a  salt  and  more  of  an  acid. 

In  Great  Britain,  and  many  other  parts  of  the  world,  the 
strong  bases  are  not  only  removed  from  their  chemical  com¬ 
bination  in  the  silicates  but  also  removed,  as  salts  formed 
by  combination  with  soil  acids,  from  the  surface  of  the  ground 
by  drainage.  In  very  arid  districts,  however,  the  salts  of 

these  bases  may  remain  in  the  surface,  giving  the  “  saline  ” 
soils  (p.  45). 

Silica  may  also  be  removed  from  chemical  combination, 

ut  not  so  readily  as  the  strong  bases,  in  a  way  that  may  be 
represented  thus  : 


H2A12Si6016  +  H20  — ■>  H4Al2Si209  +  4Si02 
Of  the  three  groups  of  chemical  constituents,  then  the 
strong  bases  are  most  vulnerable  to  chemical  action,  the 
hca  rather  less  vulnerable  and  the  sesquloxides,  especially 
the  alumina,  are  affected  least.  The  comparison  of  the 
omposition  of  unweathered  and  weathered  rocks  in  non-arid 

I.A.C. 
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countries  gives  evidence  of  this.  Table  2  shows  the  per¬ 
centages  of  constituents  lost  during  the  weathering  of  a  gneiss 
and  a  syenite  :  they  are  calculated  from  the  results  obtained 
by  Merrill  in  the  United  States. 


Table  2 

Percentages,  in  round  figures,  of  the  Original  Amounts  of  Rock 
Constituents  lost  during  Weathering 


Rock. 

Strong  Bases. 

Silica. 

Sesquioxides. 

CaO 

MgO 

K,0 

Na20 

SiO, 

Fe,Os 

Al»Ot 

Gneiss  . 

100 

75 

84 

95 

53 

14 

Nil 

Syenite  . 

88 

82 

82 

97 

62 

86 

Nil 

The  Weathering  of  Sedimentary  Rocks.  The  physical 

and  chemical  trends  in  the  weathering  of  sedimentary  rocks 
are  naturally  the  same  as  in  the  case  of  igneous  rocks.  Sedi¬ 
mentary  rocks,  however,  are  formed  from  material  that  has 
in  earlier  geological  times  already  been  weathered,  sorted 
out  roughly  into  sand,  clays,  etc.,  and  subsequently  con¬ 
solidated.  The  important  difference  between  the  weathering 
of  igneous  and  sedimentary  rocks  is  that  the  influence  of  the 
parent  material  is  more  marked  and  quite  permanent  in  the 
case  of  sedimentary  rocks.  The  results  of  the  weathering  of 
a  great  diversity  of  igneous  rocks  may  in  time  be  much  the 
same,  and  the  actual  parent  material  largely  obscured. 
Sands  and  clays,  however,  will  always  remain  physically,  and 
often  chemically,  distinct  in  spite  of  weathering. 

The  Composition  of  Mineral  Particles.  In  English 
soils,  formed  from  sedimentary  rocks,  the  sand  particles  are 
85-95  per  cent  silica.  In  the  clay  particles  the  silica  is  often 
not  more  than  50  per  cent.  The  sand  is  impure  silica  ;  the 
clay  is  silicate  containing  sometimes  35-40  per  cent  of  alumina 
and  4-7  per  cent  of  potash  and  other  bases. 
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In  soils  formed  from  igneous  rocks,  in  Wales  and  Scotland 
for  example,  the  sand  is  not  always  impure  silica  but  silicate 
containing  sometimes  not  more  than  60  per  cent  of  silica. 
Sandy  soils  with  this  kind  of  sand  are  not  usually  so  “  hungry  ” 
or  so  susceptible  to  acidity  as  the  sandy  soils  of  England. 

It  has  been  shown  by  X-ray  and  other  studies  that  the 
clay  particles  are  crystalline  and  that  the  framework  of  the 
crystal  structure  is  layers  of  hydrated  silica  and  layers  of 
hydrated  alumina  held  together  by  oxygen  atoms.  These 
crystalline  clay  minerals,  at  any  rate  in  the  soils  from  sedi¬ 
mentary  rocks,  are  not  pieces  of  some  mineral  in  the  original 
rock :  they  have  been  formed  during  weathering  and  soil 
formation.  They  fall  into  two  groups  : 

(1)  Those  with  one  layer  of  silica  to  one  of  alumina.  These 
have  no  very  great  power  of  absorbing  water  (p.  19),  their 
exchangeable  cations  (p.  41)  are  confined  to  the  outer  surface 
and  their  base  exchange  capacity  is  low.  Among  these  are 
kaolin  and  halloysite. 

(2)  Those  with  two  layers  of  silica  to  one  of  alumina. 
These  do  absorb  water,  exchangeable  cations  can  penetrate 
the  crystal  structure  and  the  base  exchange  capacity  is  high. 
Among  these  are  montmorillonite  and  beidellite. 


ORGANIC  MATTER 

Organic  matter  is  an  essential  constituent  of  soil.  Under 
virgin  conditions  it  is  derived  from  plant  and  animal  remains  ; 
m  cultivated  soils  it  is  derived  from  the  unharvested  parts 
o  crops  and  artificially  applied  organic  matter. 

Organic  matter  in  the  soil  undergoes  decomposition  through 
the  agency  of  a  great  diversity  of  micro-organisms. 

Soil  Micro-organisms.  The  micro -population  of  the 
soil  consists  of  bacteria,  which  are  numerically  dominant 
fungi,  actinomyces,  algae  and  protozoa.  The  numbers  vary 
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considerably,  but  it  is  estimated  that  there  are  generally 
from  ten  to  twenty  million  bacteria  per  gramme  of  soil. 

The  majority  of  the  organisms  fall  into  two  groups  ;  there 
are  some  which,  like  animals,  require  an  external  supply  of 
organic  matter  from  which  they  derive  the  material  for  their 
growth  and  from  the  oxidation  of  which  they  derive  their 
energy.  These  are  called  heterotrophic  organisms.  Others 
can  use  inorganic  substances  and  carbon  dioxide  which  they 
assimilate  by  the  use  of  energy  obtained  from  the  oxida¬ 
tion  of  inorganic  substances.  These  are  called  autotrophic 
organisms. 

When  the  energy  for  the  reduction  of  the  carbon  dioxide 
is  obtained  from  light  (as  in  the  case  of  the  algae  and  certain 
pigmented  bacteria)  the  organisms  are  distinguished  from 
both  the  above  groups  and  are  called  photosynthetic  organisms. 

Heterotrophic  Organisms.  These  form  the  greater  part 
of  the  micro-population  of  the  soil.  They  break  down  cellu¬ 
lose,  protein  and  other  organic  substances  into  simple  inorganic 
substances  such  as  carbon  dioxide,  water  and  ammonia.  Not 
all  the  organic  matter,  however,  is  oxidized  steadily  and 
rapidly  to  those  final  products.  A  large  part  of  the  carbo¬ 
hydrate  and  a  smaller  part  of  the  protein  in  the  original 
organic  matter  decompose  to  a  stage  at  which  a  complex 
black,  or  nearly  black,  colloidal  material  is  produced.  This 
is  known  as  humus. 

It  has  long  been  recognized  that  the  oxidation  of  soil 
organic  matter  is  in  some  way  related  to  soil  fertility.  In  a 
series  of  soils  of  the  same  type  Russell  was  able  to  show, 
many  years  back,  that  those  soils  which  take  up  a  greater 
amount  of  oxygen,  and  in  consequence  evolve  a  greater 
amount  of  carbon  dioxide,  in  a  given  time,  are  more  fertile 
than  those  in  which  the  rate  of  oxidation  is  les§  (p.  56). 
The  order  of  magnitude  of  the  rate  of  oxidation  is  indicated 
by  the  fact  that  on  a  plot  at  Rothamsted,  heavily  manured 
with  farmyard  manure,  about  two  litres  of  oxygen  are  taken 
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up  per  square  metre  per  day.  The  amount  absorbed  will 
probably  be  rather  less  than  this  in  average  arable  land. 

When  the  supply  of  nitrogeneous  organic  matter  is  low 
and  there  is  a  relative  preponderance  of  carbohydrate,  etc., 
some  hetero trophic  organisms  decompose  the  non-nitrogen eous 
matter  and  get  the  nitrogen  for  the  protein  of  their  bodies 
from  nitrates  (p.  59).  When  soils  are  waterlogged  some 
heterotrophic  organisms  take  oxygen  from  nitrates  and  reduce 
them  to  ammonia  and  nitrogen  (p.  58).  Others  can,  under 
these  anaerobic  conditions,  reduce  sulphate  to  sulphuretted 
hydrogen  and  sulphur. 

There  are  a  few  specific  heterotrophic  organisms  that  use 
the  free  nitrogen  of  the  air  in  the  building  up  of  their  protein 
material,  thus  adding  nitrogen  to  the  soil  (p.  54). 

Some  organisms,  particularly  fungi,  have  direct  effects  upon 
plants.  Some  are  parasitic,  causing  diseases ;  others  are 
symbiotic. 

Autotrophic  Organisms.  These  generally  have  highly 

specialized  functions ;  among  them  are  N itrosomonas  which 
oxidize  ammonia  to  nitrite,  Nitrobacter  which  oxodize  nitrite 
to  nitrate  (p.  56). 

The  microflora  of  the  soil  is  limited  in  its  development 
by  the  microfauna,  particularly  the  protozoa.  When  the 
protozoa  are  killed  off  by  partial  sterilization  (p.  60)  the 
bacteria  become  much  more  prolific. 


Photosynthetic  Organisms.  These  are  responsible  for 
the  fixation  of  carbon  dioxide,  and  in  the  special  case  of  the 
sulphur  bacteria,  sulphur  and  sulphuric  acid  may  be  formed 
from  hydrogen  sulphide. 

Humus.  It  has  already  been  stated  that  some  of  the 

Zl 7  !  “I.  3  'ittle  °f  the  Pr°tein  of  soil  matter 

decompose  to  form  a  very  dark  colloidal  material  which 

•8e”  'ntlmately  associated  with  the  mineral  particles  and 

remove  calUmUS' t  &  S<>l1  has  been  treated  with  acid  to 
move  calcium,  humic  material  can  be  brought  into  solution 
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by  treating  the  soil  with  alkalies  such  as  sodium  or  ammonium 
hydroxides  or  carbonates.  If  this  dark  alkaline  solution  is 
neutralized  by  an  excess  of  acid,  a  bulky  dark  brown  flocculent 
precipitate  is  produced  and  can  be  filtered  off.  This  material 
was  at  one  time  regarded  as  the  whole  of  the  humus  and  is 
still  frequently  called  humus.  It  is,  however,  recognized  that 
there  is  another  part  of  the  humus,  referred  to  as  humin, 
which  remains  in  the  soil,  insoluble  in  alkali,  and  it  is  also 
known  that  after  treatment  of  the  alkaline  solution  with 
acid  there  still  remains  a  certain  amount  of  organic  matter 
in  solution.  The  humus  fraction,  however,  that  is  extracted 
by  alkali  and  precipitated  by  acid  has  been  most  studied. 

Three  things  may  be  said  about  the  composition  of  this 
humus  fraction : 

(1)  The  percentage  of  each  of  the  chief  elements  present 
is  of  the  same  order  of  magnitude  in  the  humus  fraction 
obtained  from  a  great  diversity  of  soils.  The  average  compo¬ 
sition  is,  in  round  figures : 

C  =  50  per  cent,  0  =  35  per  cent,  N  =  5  per  cent,  H  =  5  per  cent, 

Ash  =  5  per  cent 

(2)  It  does  behave  as  a  true  acid  forming  salts  that  are 
true  electrolytes.  This  does  not  mean  that  it  is  one  indi¬ 
vidual  acid  ;  it  is  a  mixture  of  acids,  but  a  particle  of  this 
humus  fraction  does  behave  like  a  gigantic  anion  with  negative 
charges  and  has  a  large  number  of  cations,  with  positive 
charges,  tethered  to  its  surface.  In  this  respect  it  is  similar 
to  clay  (p.  44). 

(3)  The  constituent  of  plant  material  which  seems  to  be 
most  associated  with  the  formation  of  humus  is  lignin.  The 
lignin  becomes  associated  with  protein  matter,  particularly 
from  the  micro-organisms  of  the  soil  and  forms  a  lignin- 
protein  complex.  The  protein  associated  in  this  way  with 
the  lignin  is  less  susceptible  to  decomposition  by  micro¬ 
organisms,  and  the  whole  complex — called  by  Waksman  the 
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humus-nucleus — is  a  stable  constituent  of  the  soil  and  has 
mixed  with  it  a  great  variety  of  substances  including  fats 
and  carbohydrates. 

The  chief  point  to  note  about  the  physical  properties  of 
humus  is  that  it  absorbs  water  with  very  considerable  swelling, 
and,  conversely,  it  dries  out  with  very  considerable  shrinking. 
If  humus  dries  out  fairly  slowly  and  at  not  too  high  a  tem¬ 
perature,  it  can  readily  reabsorb  water.  If  it  is  dried  out 
quickly  and  at  a  higher  temperature,  the  reverse  process  is 
not  so  marked. 


The  Functions  of  Organic  Matter  in  the  Soil.  Un¬ 
humified  organic  matter  may  obviously  have  the  effect  of 
opening  the  soil,  and  the  effect  may  persist  after  the  organic 
matter  has  decomposed.  In  light,  sandy  soils  this  effect  is 
generally  detrimental,  since  these  soils  are  too  open  and  loose 
already,  and  this  is  one  reason  why  “  short  ”  farmyard  manure 
is  generally  applied  to  fight  soils.  The  opening  effect  is 
beneficial  in  heavy  soils  to  which,  therefore,  early  applica¬ 
tions  of  “  long  ”  manure  are  applied. 

More  important,  perhaps,  than  the  effect  of  undecomposed 
organic  matter  are  the  effects  of  humus.  These  are  largely 
physical,  but  to  some  extent  chemical. 

The  Physical  Effects  of  Humus.  Humus  is  a  very  potent 
absorber  of  water  and  its  beneficial  effect  to  a  fight  soil  is 
therefore  obvious.  It  helps  to  bind  the  sandy  particles 
together  and  give  body  to  the  soil  and  at  the  same  time  to 
increase  its  water-holding  power.  For  the  same  reason  that 
humus  is  thus  beneficial  to  a  sandy  soil,  it  might  appear  to 
be  detrimental  to  a  heavy  soil,  the  water-holding  power  of 
which  is  frequently  already  too  high.  This  is  the  case  in 

2il  tfolT  ,  and  humus  may  “ake  3»ch  a  sticky 

oil  stickier.  In  the  presence  of  calcium,  however  humus 

does  assist  in  the  formation  of  a  coagulum  that  binds  the  clay 

parties  together  into  crumbs,  increasing  the  spaces  between 

the  crumbs  and  therefore  facilitating  drainage.  Lime  Z 
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this  coagulating  effect  on  clay  (p.  21)  and  humus  facilitates 
the  coagulation  by  adding  more  coagulable  material. 

The  Chemical  Effects  of  Humus.  Humus  can  absorb  bases, 
e.g.  potash,  and  hold  them  against  the  leaching  action  of 
water.  Moreover,  humates  have  a  buffering  action  and  help 
to  regulate  the  hydrogen-ion  concentration.  There  is  a 
growing  belief  which  comes  largely  from  the  observations  of 
horticultural  research  work  that  the  chemical  contribution  of 
humus  to  soil  fertility  does  not  lie  so  much  in  the  fixed  and 
stable  properties  of  humus  itself  but  in  the  influence  of  a 
diversity  of  organic  substances  that  are  formed  (and  may  be 
only  transitory  in  existence)  during  the  actual  process  of 
oxidation  of  organic  matter.  This  would  certainly  be  con¬ 
sistent  with  the  fact  already  stated  that,  other  things  being 
equal,  the  greater  the  rate  at  which  oxidation  takes  place 
in  soils,  the  higher  is  the  fertility  of  the  soil.  A  lot  more 
work  has  to  be  done  in  the  establishment  and  exposition  of 
this  view.  It  is,  however,  worth  while  to  note  that  for  many 
years  past  in  the  United  States  Soil  Laboratory  at  Washing¬ 
ton,  large  numbers  of  all  sorts  of  organic  substances — acids, 
glycerides,  carbohydrates,  amino-compounds,  etc. — have  been 
isolated  from  the  organic  matter  of  soils,  and  in  some  cases 
have  been  shown  to  have  definite,  effects  upon  plants.  The 
knowledge  of  the  existence  of  all  these  different  substances, 
sometimes  in  very  small  quantities,  in  soils,  may  possibly 
prove  of  value  in  pursuing  the  view  that  it  is  the  process 
of  oxidation  of  organic  matter  rather  than  the  end-product 
of  oxidation  that  is  the  important  chemical  factor  in  the 
contribution  of  organic  matter  to  soil  fertility. 
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THE  COLLOIDAL  PROPERTIES  OF  SOIL 

MATERIAL 

COLLOIDS 

In  true  solutions,  like  those  of  salt  or  sugar,  matter  in 
its  finest  state  of  division — ions  or  molecules — is  dispersed 
through  a  liquid  and  these  particles  of  the  solute  cannot  be 
seen  by  any  known  device.  At  the  other  extreme,  in  sus¬ 
pensions  and  emulsions,  matter  in  relatively  large  particles 
or  droplets  is  dispersed  through  a  liquid,  and  these  particles 
can  be  seen  with  the  naked  eye  or  with  a  microscope,  and 
they  give  the  system  a  turbid  appearance. 

The  difference  between  these  two  extremes  is  only  one  of 
degree.  In  each  there  is  a  solvent  or  continuous  phase  and 
in  each  there  are  dispersed  particles  or  disperse  phase. 
Between  these  extremes  every  stage  of  transition  is  possible, 
and  there  are  some  systems  in  which  the  dispersed  particles 
are  considerably  bigger  than  the  ions  or  molecules  of  a  true 
solution  but  are  too  small  to  be  seen  by  the  eye  alone — 
microscopes  or  ultramicroscopes  may  reveal  them.  These 
are  the  colloidal  solutions. 

Size  of  Particle.  Particles  of  diameters  greater  than 

200  m[i  *  are  called  microns  and  are  visible  under  the 
microscope. 

Particles  of  diameters  200  m.u-5  m/t  are  called  submicrons 
or  ultramicrons  and  are  visible  in  the  ultramicroscope  but  not 
under  the  ordinary  microscope. 

Particles  of  diameters  less  than  5  mp  are  called  amicrons. 

*  U  =  0-001  mm.  mu  =  0  000001  mm. 
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Colloidal  particles  can  be  separated  by  ultrafilters,  e.g. 
collodion  membranes  of  known  pore  space  ranging  from 
1  p  to  20  m^. 

Flocculation.  The  particles  in  a  colloidal  solution  or 
sol,  as  it  is  called,  are  in  a  state  of  rapid  Brownian  movement. 
When  certain  electrolytes  are  added  this  movement  ceases, 
the  particles  aggregate  or  flocculate  to  form  a  gel  which  may 
be  a  voluminous  jelly  or  a  less  voluminous  powder. 

It  was  once  thought  that  because  colloidal  substances  some¬ 
times  form  gelatinous  masses  they  are  amorphous,  but  this 
is  not  so.  Clay  particles  are  definitely  crystalline  (p.  44). 

Colloids  and  Water.  Some  colloidal  particles,  e.g.  gold, 
have  no  affinity  for  the  water  in  which  they  are  dispersed 
and  they  are  easily  precipitated  as  gels.  These  are  the 
hydrophobic  (water-hating)  colloids.  Others,  such  as  gelatine 
and  silicic  acid,  have  an  affinity  for  water  which  they  absorb, 
and  into  which  they  tend  to  diffuse.  These  are  more  stable 
in  colloidal  solutions  and  are  the  hydrophilic  (water-loving) 
colloids. 

It  is  possible  for  a  hydrophilic  colloid  to  “  protect  ”  a 
hydrophobic  one  and  render  it  stable. 

Colloidal  Electrolytes.  There  are  some  electrolytes  in 
which  one  of  the  ions  (generally  the  anion)  is  of  colloidal 
dimensions  while  the  other  ion  is  only  of  normal  ionic  size. 
The  salts  of  the  higher  fatty  acids  have  large  anions  with 
ordinary  cations.  These  compounds  combine  the  physical 
properties  of  colloids  with  the  chemical  properties  of  electro¬ 
lytes.  Clay  and  humus  belong  to  these  colloidal  electrolytes , 
the  colloidal  clay  and  humus  particles  forming  large  anions 
(or  ionic  micelles  as  they  are  sometimes  called)  with  a  large 
number  of  ordinary  cations  tethered  to  each  by  electrostatic 
attraction. 
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Soil -Water  Relations.  When  water  evaporates  from 
soil  it  does  so,  if  the  water  content  is  high,  at  a  normal  rate 
and  in  accordance  with  the  physical  laws  of  diffusion.  When, 
however,  the  water  content  becomes  low  the  rate  of  evapora¬ 
tion  becomes  less  than  would  be  calculated  from  the  normal 
laws  of  evaporation.  The  soil  has  a  power  of  imbibing 
and  holding  water.  This  is  more  noticeable  the  greater  the 
percentage  of  clay  or  humus.  Clay  loses  this  property  after 
ignition. 

The  explanation  of  this  is  that  clay  and  humus  are  hydro¬ 
philic  colloids ;  they  imbibe  water  which  is  then  not  so 
“  free  ”  to  diffuse  and  evaporate. 

This  property  can  be  shown  in  another  way  that  is  easy 
to  demonstrate.  If  three  vertical  glass  tubes  are  filled 
respectively  with  a  sandy  soil,  a  clay  soil  and  the  same  clay 
soil  after  ignition,  and  the  tubes  stood  in  a  basin  of  water, 
the  water  will  creep  up  the  capillary  spaces  between  the 
particles.  Now  when  water  rises  in  capillary  spaces  it  does 
so  more  rapidly  the  narrower  the  space.  It  would,  therefore, 
be  expected  that  the  water  would  rise  more  quickly  through 
the  narrow  spaces  in  the  clay  than  through  the  wide  spaces 
in  the  sand.  This  proves  to  be  the  case  with  the  ignited 
clay  but  not  with  the  unignited  clay  in  which  movement  is 
very  slow.  The  clay  colloid  absorbs  the  water,  swells  and 
closes  the  passages. 

The  Shrinkage  of  Soils.  If  a  clay  soil  is  uniformly 
moistened  and  made  into  a  wet  brick  the  free  water  through¬ 
out  the  brick  will  be  in  the  form  of  films  separating  the  solid 
particles,  or  aggregates  of  particles.  If  the  brick  is  allowed 
to  dry  out,  it  shrinks  because  water  evaporates  and  the 
particles  or  aggregates  get  closer  together.  The  decrease 
in  volume  wifi,  for  a  time,  be  equal  to  the  volume  of  water 
that  evaporates.  When,  however,  sufficient  water  has  evapor- 
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ated  for  the  particles  or  aggregates  actually  to  touch  one 
another,  it  might  be  expected  that  there  would  be  no  further 
shrinkage  and  that  particles  that  are  touching  cannot  get 
any  closer.  With  clay  soils,  however,  this  is  not  the  case, 
and  there  is  what  is  called  a  “  residual  shrinkage  ”  which! 
while  not  equal  in  amount  to  the  water  that  evaporates  from 
the  pore  space,  is  nevertheless  quite  substantial.  There  is 


Fia.  1. — Shrinkage  of  Soils. 

A  —  Clay  separate.  B  =  Kaolin. 

C  =  Clay  (Sudan).  H  =  Peaty  Soil. 


no  residual  shrinkage  of  bricks  made  of  ignited  clay  soils, 
or  of  china  clay.  The  shrinkage  in  these  cases  is  equal  to 
the  water  lost  up  to  a  point  at  which  shrinkage  suddenly 
stops. 

The  residual  shrinkage  of  clay  soils  is  due  to  their  col¬ 
loidal  gelatinous  properties  which  allows  the  particles  to  be 
“  squeezed  ”  closer  together  even  after  they  have  touched. 
It  is  interesting  to  note  here  that  work  at  Rothamsted  has 
shown  that  when  the  residual  shrinkage  of  soils  commences, 
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air  enters  into  the  system.  If,  thereafter,  the  soil  is  again 
wetted  it  absorbs  water  and  swells,  but  its  volume  for  any 
given  water  content  is  greater  than  it  was  at  the  same  water 
content  during  the  drying  process  because  there  is  air  present 
in  addition  to  water  and  clay.  If  in  this  condition  the  soil 
is  allowed  to  dry  out  a  second  time  its  volume  is  greater  at 
the  end  than  after  the  first  drying  out,  and  it  will  tend  to 
crumble.  In  order,  therefore,  that  a  furrow  slice  shall  crumble 
nicely  in  the  field,  the  soil  should  previously  have  dried  to 
a  point  beyond  that  at  which  residual  shrinkage  takes  place 
and  then  become  re-wetted  and  dried  again. 

The  Flocculation  of  Soil  Particles.  If  a  suspension  of 
clay  or  silt  particles  which  have  been  freed  from  calcium  is 
divided  into  two  equal  portions,  and  one  treated  with  sodium, 
potassium  or  ammonium  hydroxide  and  the  other  treated 
with  a  neutral  salt  of  the  base,  it  will  be  found  that  the  salt 
will  flocculate  the  particles,  but  that  the  hydroxide  will  not. 
If  in  a  similar  way  the  effects  of  calcium  hydroxide  and  a 
neutral  calcium  salt  are  compared  it  will  be  found  that  the 
result  is  much  the  same  with  suspensions  of  silt  but  not  with 
suspensions  of  clay.  With  clay  it  is  the  calcium  hydroxide 
that  flocculates  much  better  than  the  neutral  salt. 

The  explanation  of  this  abnormal  behaviour  of  calcium 
hydroxide  with  clay  is  that  in  an  alkaline  medium,  but  not 
in  a  neutral  one,  calcium  forms  a  coagulum  with  the  gelatinous 
and  siliceous  surface  of  the  clay  particles  which  more  than 

counteracts  the  deflocculating  effect  upon  the  particles  as 
such. 

It  is  w  ell  known  that  applications  of  quicklime  do  improve 
the  texture  of  certain  types  of  heavy  clay  soils,  e.g.  the 
London  clays  of  East  Anglia.  Other  heavy  soils,  e.g.  those 
formed  from  the  coal  measures  shale,  are  not  improved  in 
this  way  by  liming,  and  this  is  because  they  have  a  dominant 
amount  of  silt  particles  rather  than  clay. 
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It  is  quite  obvious  that  soils  consist  of  particles  of  very 
different  sizes.  There  has  always  been  the  recognition  of  a 
general  distinction  between  different  soils  according  to  the 
size  of  particle  that  is  dominant :  those  with  a  preponderance 
of  the  larger  particles  are  the  sandy  or  light  soils  ;  those  with 
a  preponderance  of  the  smallest  particles  are  the  clay  or 
heavy  soils,  and  between  these  there  are  light,  medium  and 
heavy  loams. 

The  use  of  this  kind  of  terminology,  and  this  general 
recognition  of  the  distinction  between  soils  of  different  particle 
size,  has  no  precision  or  accuracy  about  it ;  different  agri¬ 
culturists  might  describe  the  same  soil  differently  according 
to  their  standards.  What  to  a  light-land  farmer  might  seem 
to  be  a  heavy  loam  could  easily  be  described  as  a  light  loam 
by  one  accustomed  to  heavy  soils. 

Mechanical  Analysis.  Precision  in  this  matter  has  been 
attempted  by  estimating  the  percentages  of  soil  particles 
within  certain  agreed  ranges  of  size.  In  earlier  years  in  this 
country  it  was  agreed  to  take  all  the  soil  that  would  pass 
a  3-mm.  sieve  and  to  separate  the  particles  into  six  groups, 
or  “  fractions  ”  as  they  were  called.  These  were  : 

Diameter  in  mm. 

.  3*000-1 000 

.  1000-0-200 
.  0-200-0  040 

.  0-040-0-010 

.  0010-0  002 
<  0-002 


Fine  gravel 
Coarse  sand 
Fine  sand  . 
Silt 

Fine  silt 
Clay  . 
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The  coarser  fractions  were  separated  by  sieving.  The  finer 
particles  were  separated  by  what  was  called  the  “  decanta¬ 
tion  ”  method.  This  was  based  on  the  fact  that  the  velocity 
with  which  spherical  particles  fall  through  a  column  of  water 
is  proportional  to  the  square  of  the  radius  *,  from  which  it 
was  possible  to  calculate  the  time  required  in  given  conditions 
for  all  particles  larger  than  the  clay  particles  to  settle  to  the 
bottom.  After  that  time  the  remaining  clay  in  suspension 
was  decanted  off.  This  had  to  be  repeated  many  times,  since 
obviously  a  good  deal  of  clay  settled  with  the  larger  particles. 
Ultimately,  however,  all  the  clay  was  decanted  off  and  weighed 
after  evaporating  the  water.  On  the  same  principle,  fine  silt 
and  silt  were  then  separated. 

These  six  fractions  and  the  decantation  method  of  mechani¬ 
cal  analysis  were  used  in  this  country  from  about  1906  to 
about  1927.  In  1927  there  was  a  general  international  under¬ 
standing  among  soil  chemists  that  a  normal  mechanical 
analysis  should  be  based  on  four  fractions  : 


Coarse  sand 
Fine  sand  . 
Silt  . 

Clay  . 


Diameter  in  mm. 
2  000-0-200 
0-200-0020 
0-020-0-002 
<  0-002 


This  general  agreement  does  not,  of  course,  preclude  anyone 

from  making  subdivisions  of  these  fractions,  and  for  certain 
purposes  this  is  often  done. 

At  the  same  time  a  new  method  of  estimating  the  silt  and 
clay  based  on  the  work  of  G.  W.  Robinson,  was  adopted : 
it  is  generally  called  the  “  pipette  ”  method.  The  principle 
involved  in  this  method  can  easily  be  understood  in  this  way 
It  two  separate  suspensions  of  clay  and  silt  are  each  shaken 
up  and  allowed  to  stand,  the  particles  will  settle  down,  leaving 
clear  water  above  After  some  time,  however,  the  level  of 
the  silt  particles  will  have  fallen  more  than  that  of  the  clay. 

*  Stokes’s  Law. 
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Provided  the  particles  can  act  separately  and  independently 
the  same  thing  will  happen  if  they  are  mixed  together,  and 
by  putting  a  pipette  in  to  appropriate  depths  it  is  possible 
to  pipette  off  portions  containing  clay  only  and  clay  plus  silt 
— see  Fig.  2.  The  fine  sand  is  then  obtained  by  decanting 
off  all  the  clay  and  silt,  the  coarse  sand  having  been  separated 
by  sieving  at  the  outset. 

While  the  grading  of  the  particles  into  different  fractions 
is  based  on  diameter,  it  will  be  realized  that  soil  particles  are 
quite  irregular,  and  really  have  no  diameters  as  spheres  have. 


Fig.  2. — Diagrammatic  Representation  of  the  Settlement  of  Mixed  Particles. 

Moreover,  the  finer  soil  particles  are  colloidal  and  may  absorb 
water  with  some  amount  of  swelling.  These  difficulties  may 
be  overcome  in  one  of  two  ways  :  the  size  of  particle  may 
be  defined  in  terms  of  effective  diameter,  that  is  to  say,  the 
silt,  for  example,  can  be  defined  as  those  particles  which  fall 
with  the  same  velocity  as  spheres  with  diameters  in  the 
range  0*020-0-002  mm.  A  second  way  of  dealing  with  the 
matter  is  to  define  the  size  of  particle  not  in  terms  of  diameter 
but  in  terms  of  falling  velocity.  The  fine  sand  would  then 
be  defined  as  the  particles  with  settling  velocities  greater 
than  10  cm.  in  288  seconds.  The  silt  would  be  the  particles 
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with  settling  velocities  less  than  this  but  greater  than  10  cm. 
in  28,800  seconds.  The  clay  would  be  the  particles  with 
settling  velocity  less  than  10  cm.  in  28,800  seconds. 

Distribution  Curves.  Some  attempts  have  been  made  to 
express  the  mechanical  composition  of  a  soil  by  a  curve  in 
which  the  percentage  of  particles  of  various  grades  would  be 
plotted  against  some  function  of  their  size.  Robinson  has 
shown  that  if  the  logarithms  of  the  various  settling  velocities 
are  plotted  against  the  percentages  of  all  the  particles  having 
settling  velocities  less  than  each  of  them,  the  points  fall  on 
a  smooth  curve.  Such  curves  clearly  give  more  detailed 
information  than  a  statement  of  the  percentage  of  different 
fractions.  The  logarithm  of  the  settling  velocity  is  taken 
instead  of  the  settling  velocity  itself,  as  otherwise  the  portion 
of  the  curve  devoted  to  the  finer  fractions  would  be  too  small. 
Even  using  the  logarithm  of  the  settling  velocity  the  distribu¬ 
tion  of  particle  size  within  the  clay  fraction  is  not  brought 
out  too  well. 

Mechanical  Analysis  of  Clay.  The  clay  fraction  of  the  soil 
is  of  special  importance  ;  its  physical  effects  will  be  appre¬ 
ciated  from  what  has  been  said  about  the  colloidal  properties 
of  soil.  The  chapter  on  Base  Exchange  will  show  something 
of  the  chemical  importance  of  clay.  It  is  therefore  desirable 
to  have  means  of  studying  clay  in  some  detail  and  of  being 
able  to  make  a  mechanical  analysis  within  the  clay  fraction. 
A  method  for  doing  this  was  devised  in  1930  by  C.  E.  Marshall, 
and  it  has  been  used  a  good  deal  in  studying  the  chemistry 
and  physics  of  different  grades  of  clay  particles.  Like  the 
ordinary  method  of  mechanical  analysis  it  is  based  on  Stokes’s 
law  but  has  these  special  features  :  (1)  the  force  applied  to 
the  falling  particles  is  vastly  greater  than  the  force  of  gravity 

fell  Zouah  !  by,a,high-SPeed  centrifuge  ;  (2)  the  pfrticles 
fall  through  a  much  denser  liquid  than  water-either  glycerine 

or  a  concentrated  sugar  solution  ;  (3)  the  particles  ar^placed 

utset  m  a  thin  layer  of  water  on  the  top  of  the  denser 

i  *A(v* 
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liquid  so  that  their  falling  through  the  liquid  is  in  the  nature 
of  a  scratch  race.  It  is  found  that  the  particles  adhere  so 
strongly  to  the  bottom  of  the  tube  that  the  supernatant  liquid 
can  be  decanted  and  the  particles  at  the  bottom  dried  and 
weighed.  This  method  can  be  used  for  the  mechanical 
analysis  of  particles  of  diameters  between  2  p  and  50  mp. 

The  Arrangement  and  Aggregation  of  the  Mineral 
Particles.  A  collection  of  spheres  of  equal  size  can  be 
arranged  in  two  different  ways  as  shown  in  Fig.  3.  In  the 
arrangement  A  the  pore  space  between  the  particles  will  be 
roughly  50  per  cent  and  in  the  other  arrangement  it  will  be 
roughly  25  per  cent. 

Soil  particles,  however,  are  not  spheres  and  they  are  not 
equal  in  size ;  they  are  particles,  moreover,  aggregated 
together  in  crumbs.  The  fact  that  the  particles  are  sgg re- 


A .  Pore  Spacer 507o  B  Pore  Space  —  25 % 

Fig.  3. — Arrangement  of  Spheres. 

gated  together  might  permit  of  a  larger  pore  space  than 
50  per  cent :  the  fact  that  the  particles  are  of  different  sizes 
might  permit  of  a  smaller  pore  space  than  25  per  cent,  since 
small  particles  could  fill  a  part  of  the  pore  space  between 
larger  particles.  The  irregular  shape  of  the  particles  might 
act  either  way.  In  practice  it  is  found  that  the  pore  space 
of  soils  rarely  exceeds  50  per  cent  and  rarely  falls  below 
30  per  cent.  Mechanical  operations  such  as  rolling  the  soil 
will  cause  the  aggregates  of  particles  to  assume  the  arrange¬ 
ment  represented  in  the  case  of  spheres  by  B  in  Fig.  3  ; 
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harrowing  the  soil  will  cause  the  particles  to  assume  the 
arrangement  represented  by  A. 

The  real  specific  gravity  (S)  of  a  soil  is  the  specific  gravity 
of  the  actual  material  of  which  the  particles  are  made.  The 
apparent  specific  gravity  (S')  is  the  specific  gravity  of  the 
whole  system  of  particles  and  pore  space.  The  relation 
between  the  pore  space  ( P )  and  the  two  specific  gravities  is 


P  = 


S- S' 

s~ 


In  addition  to  these  purely  mechanical  ways  in  which  the 
arrangement  of  soil  particles  is  affected  there  are  other 
influences  which  affect  the  formation  or  unformation  of  aggre¬ 
gates  of  particles.  Alternate  freezing  and  thawing,  for 
example,  causes  particles  to  aggregate  together,  and  the  heat 
of  the  sun  in  tropical  and  semi-tropical  climates  has  a  similar 
effect.  In  both  cases  the  effect  is  probably  due  to  the  partial 
dehydration  of  the  soil  colloids. 

Electrolytes  may  have  a  marked  effect  on  the  flocculation 
or  aggregation  of  soil  particles.  This  fact,  and  the  effect  of 
lime  on  heavy  clay  soils,  has  already  been  referred  to  (p.  21). 
The  flocculation  of  soil  particles  is  usually  studied  in  the 
laboratory  by  adding  reagents  to  particles  suspended  in  a 
volume  of  water,  when  the  formation  or  unformation  of 
floccules  can  be  seen.  Particles  will,  however,  aggregate 
together  under  dry  conditions;  when  a  soil  with  much 
colloidal  matter  dries  out  in  the  field  in  a  time  of  drought 
it  does  not  normally  crumble  to  dust.  The  aggregation°of 
particles  under  these  conditions  has  been  explained  by 
E.  W.  Russell  in  the  following  way.  A  clay  particle  carries 
negative  charges.  Calcium  ions  which  are  associated  with 
the  c  ay  (Chapter  4)  carry  positive  charges.  Water  is  what 
is  called  a  polar  ’  liquid  because  it  has  a  negative  charge 
at  one  end  of  the  molecule  and  a  positive  charge  at  the  other, 
ihese  molecules  can  align  themselves  like  a  line  of  magnets 
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with  the  negative  end  of  one  molecule  attached  to  the  positive 
end  of  another.  According  to  Russell,  such  a  line  of  molecules 
connects  the  clay  particles  and  the  calcium  ions  at  low  water 
content.  The  positive  end  of  a  water  molecule  is  attached 
to  the  negative  ciay  and  the  negative  end  of  a  water  molecule 
is  attached  to  the  positive  calcium.  A  calcium  ion,  however, 
carries  two  positive  charges  and  will  therefore  have  attached 


+  + 

Ca. 


to  it  two  lines  of  water  molecules,  the  other  ends  of  which 
may  be  connected  with  separate  clay  particles.  Each  clay 
particle  carries  a  large  number  of  negative  charges  and  may 
therefore  be  connected  up  with  many  calcium  ions,  and  such 
an  arrangement  (see  Fig.  4)  may  be  the  foundation  of  crumb 
structure. 

The  shape  of  soil  crumbs  is  frequently  characteristic  of  the 
soil  type  (see  p.  97). 

WATER,  AIR  AND  TEMPERATURE 
Soil  Water 

In  a  very  rough  way  the  water  in  a  soil  may  be  con¬ 
sidered  to  be  in  three  categories.  If  a  soil  is  completely 
deprived  of  water  by  drying  in  an  oven  it  will,  when  sub¬ 
sequently  left  exposed  to  the  air  at  the  ordinary  temperature, 
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take  up  a  certain  amount  of  moisture  from  the  air  without 
becoming  visibly  wet.  This  is  the  hygroscopic  water.  Water 
may  be  added  so  that  the  soil  becomes  visibly  wet  but  with¬ 
out  being  waterlogged.  Visible  films  of  water  over  the 
particles  are  usually  called  capillary  water.  Any  water  in 
excess  of  this  will  be  free  to  drain  away  under  the  action  of 
gravity  and  is  called  gravitational  water. 

This,  however,  is  only  a  very  rough  classification  and  it 
must  be  clearly  understood  that  there  is  no  sharp  line  of 
demarcation  between  these  three  categories. 

The  Water  Constants  of  the  Soil.  Many  attempts  have 
been  made  to  find  some  constants  which  would  characterize 
the  ability  of  a  particular  soil  to  hold  water  under  various 
conditions  and  to  supply  water  to  the  plant.  The  chief  of 
these  are  : 

The  Maximum  Water  Capacity.  This  is  the  amount  of 
water  that  a  soil  can  hold  when  completely  waterlogged,  and 
is  in  fact  the  pore  space  (p.  34). 

The  Moisture-holding  Capacity.  This  is  the  amount  of 

water  that  a  soil  can  hold  against  the  competing  force  of 

gravity,  that  is  to  say,  the  amount  of  water  that  remains 

in  a  wet  soil  after  drainage  has  ceased.  Attempts  to  measure 

it  in  the  laboratory  have  not  been  very  successful.  When 

a  small  amount  of  soil  is  put  into  a  container  with  a  cloth 

bottom  through  which  water  can  percolate,  it  is  found  that 

the  amount  of  water  that  drains  away  after  the  soil  has 

been  wetted  is  nothing  like  so  much  as  would  drain  away 

under  field  conditions.  Measurements  made  in  this  way  are 

not  usually  much  lower  than  those  of  the  maximum  water 

capacity  or  pore  space.  King,  in  America,  many  years  ago 

made  some  determinations  of  the  amount  of  water  remaining 

after  a  few  days  of  drainage  following  heavy  rains.  His 

figures  were  of  the  order  of  15-17  per  cent  for  light  loams, 

18-22  per  cent  for  heavy  loams  and  40  per  cent  for  humic 
soils. 
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The  Hygroscopic  Coefficient.  This  is  the  percentage  of  water 
that  a  perfectly  dry  soil  can  take  up  when  in  contact  with 
the  atmosphere.  It  will,  of  course,  depend  upon  the  amount 
of  water-vapour  in  the  atmosphere,  and  the  conditions  under 
which  the  hygroscopic  coefficient  are  determined  must  there¬ 
fore  be  more  or  less  arbitrarily  defined.  Hillgard  of  America 
determined  this  coefficient  using  an  atmosphere  saturated 
with  water- vapour.  Mitscherlich,  in  Germany,  placed  the  soil 
over  10  per  cent  sulphuric  acid  in  a  vacuum  desiccator. 

The  figures  obtained  by  Hillgard  varied  from  about 
3  per  cent  in  very  light  soils  to  13  per  cent  or  more  in  very 
heavy  soils. 

Mitscherlich  has  suggested  that  the  hygroscopic  coefficients 
of  different  soils  are  relative  measures  of  the  total  amount 
of  particle  surface  in  equal  weights  of  soils,  and  he  has  pro¬ 
duced  figures  showing  that,  taking  the  surface  of  a  given 
weight  of  quartz  sand  as  1,  the  surfaces  of  equal  weights  of 
fight  soil,  a  loam  and  a  clay  soil  are  respectively  35,  90  and 
750.  He  further  claims  that  by  using  the  vapours  of  an 
organic  liquid  such  as  benzene  or  carbontetrachloride  the 
surface  of  the  soil-crumbs  can  be  measured,  since  it  is  claimed 
that  the  vapour  of  these  liquids  cannot  penetrate  through  the 
crumbs  as  water- vapour  can. 

The  validity  of  this  estimation  of  total  particle  surface  is 
rather  doubtful.  It  cannot  be  assumed  that  1  sq.  cm.  of 
the  surface  of  clay  particles  takes  up  the  same  amount  of 
water  in  given  conditions  as  1  sq.  cm.  of  silt  or  sand  particles. 
The  reaction  between  water  and  clay  particles  is  probably 
very  complex  and  there  is  certainly  a  definite  development 
of  heat  when  a  dry  soil  is  wetted. 

The  Moisture  Equivalent.  This  is  the  amount  of  water  that 
a  soil  can  hold  in  competition  with  3,000  times  the  force  of 
gravity.  This  force  is  applied  by  centrifuging.  The  figures 
obtained  vary  from  3  or  4  per  cent  for  very  fight  sands  to 
45  per  cent  or  more  for  the  heaviest  soils. 
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The  Wilting  Coefficient.  This  is  again  the  amount  of  water 
that  a  soil  can  hold  in  competition  with  some  force  tending 
to  remove  it,  but  the  competition  in  this  case  is  with  the 
plant  itself.  The  wilting  coefficient  is  the  amount  of  moisture 
that  a  soil  retains  when  permanent  wilting  sets  in. 

Soil  Water  Constants  and  Mechanical  Analysis.  The 
hygroscopic  coefficient,  the  moisture  equivalent  and  the 
wilting  coefficient  are  all  measurements  of  the  ability  of  a 
soil  to  retain  water  in  competition  with  some  force  tending 
to  remove  it.  There  should  therefore  be  a  definite  correlation 
between  these  constants  for  any  particular  soil  and  also  a 
correlation  between  any  one  of  them  and  the  mechanical 
composition  of  the  soil.  It  has  been  claimed  by  some  of  the 
American  workers  that 


Hygroscopic  coefficient  =  0-68  x  Wilting  coefficient 
Moisture  equivalent  =  1-84  x  „ 


It  has  also  been  claimed  that 

Wilting  coefficient  =  0-01  per  cent  sand  -f  0-12  per  cent  silt 

+  0*57  per  cent  clay 
These  relationships  must  be  accepted  with  some  caution,  and 
it  should  be  noted  that  the  silt  and  clay  fractions  used  in 
deriving  the  above  equation  are  not  those  now  commonly  used. 

The  Optimum  Moisture  Content.  The  meaning  of  this  term 
must  to  some  extent  be  judged  from  the  context  in  which 
it  is  used.  It  may  be  used  in  reference  to  the  water  content 
at  which  the  soil  can  most  easily  be  worked,  or  it  may  be 

used  in  reference  to  the  water  content  which  is  most  conducive 
to  plant  growth. 

The  Water  Content  at  the  Sticky  Point.  A  sample  of  drv 
sod  can  be  transferred  without  difficulty  from  one  vessel  to 
another.  If  increasing  quantities  of  water  are  added  to  the 
soil  and  mixed  with  it,  it  becomes  more  difficult  to  “  pour  ” 
the  soil  from  one  vessel  to  another  :  the  soil  becomes  stickier 
with  increasing  quantities  of  water  up  to  a  certain  point 
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Beyond  this  point  the  fluidity  of  the  water  becomes  dominant 
and  the  soil  in  suspension  can  once  again  be  easily  poured 
from  vessel  to  vessel.  If  some  dry  soil  is  put  into  an  ordinary 
sausage  machine  it  is  not  difficult  to  turn  the  handle.  If 
water  is  introduced  a  little  at  a  time  the  soil  becomes  stickier 
up  to  a  point  and  the  handle  more  difficult  to  turn.  When 
this  point  is  passed,  however,  and  the  fluidity  of  the  water 
is  dominant  the  handle  is  once  again  turned  more  easily. 
There  is  therefore  a  point  of  maximum  stickiness,  and  the 
water  content  at  this  point  is  probably  a  good  measure  of 
the  colloidal  condition  of  the  soil.  Its  amount  varies  in  heavy 
clays  from  50  per  cent  to  80  per  cent  of  the  dry  soil. 

The  Movement  of  Soil  Water.  The  movement  of  soil 
water  has  been  the  subject  of  a  good  deal  of  experimentation 
and  discussion,  and  opinions  on  the  subject  have  changed 
very  considerably  in  recent  years.  For  the  present  purpose 
a  description  of  the  movement  of  water  at  very  low  water 
content  and  at  very  high  water  content  presents  little  difficulty 
and  will  be  dealt  with  first.  It  is  the  explanation  of  the 
movement  of  water  at  moderate  vrater  content  that  presents 
some  difficulty. 

Movement  at  Very  Low  Water  Content.  This  has  been 
mainly  studied  in  connection  with  irrigation,  in  which  water 
is  brought  artificially  on  to  very  dry  land.  It  is  found  that 
a  certain  quantity  of  water  will  penetrate  to  a  certain  depth 
and  establish  a  uniform  water  content  from  the  surface  to 
that  depth.  If  twTice  the  quantity  of  wrater  is  applied  it 
will  establish  the  same  percentage  water  content  to  twice 
the  depth.  Plants  growing  in  soils  thus  irrigated  can  take  up 
the  water,  but  there  is  no  appreciable  movement  of  the  water 
towards  those  places  from  which  the  roots  of  plants  have 
reduced  the  amount.  It  is  therefore  uneconomical  to  irrigate 
to  a  greater  depth  than  the  root  range,  since  water  below 
that  depth  cannot,  to  any  extent  that  matters,  creep  upwards 
to  replace  water  used  by  the  plant. 
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It  can  be  said,  therefore,  that  after  the  first  uniform  wetting 
of  the  soil  there  is  no  further  movement  of  water. 


Movement  at  Very  High  Water  Content.  At  high  water 
content  some  of  the  water  will  move  downwards  under  the 
action  of  gravity.  This  movement  is  easy  to  understand  in 
light  soils  in  which  there  are  comparatively  wide  spaces 
through  which  the  water  can  run.  It  is  not  so  easy  to  under¬ 
stand  in  a  heavy  clay  soil  since  clay  tends  to  be  impervious 
to  water.  The  free  water  does,  however,  move  in  these  soils 
and  drains  can  be  laid  to  carry  away  the  excess  of  water. 
The  difficulty  of  understanding  how  the  water  in  heavy  soils 
gets  into  the  drains  may  appear  all  the  greater  in  the  case 
of  mole  draining.  The  mole,  in  passing  through  the  subsoil, 
definitely  puddles  the  clay  on  the  sides  of  the  drainage  channel 
that  it  makes.  This  puddling  is  essential  for  the  maintenance 
of  the  drain  (and  a  subsoil  with  too  little  clay  cannot  be  mole 
drained  because  the  sides  of  the  channel  fall  in)  but  puddled 
clay  is  impervious  to  water. 


It  is  now  fully  recognized  that  water  gets  into  drains  by 
flowing  through  the  cracks  and  spaces  which  are  always  to 
be  found  in  a  surface  clay.  Water  also  passes  down  the 
space  made  by  the  coulter  in  mole  draining  and  it  passes 

down  the  less  compressed  soil  that  has  been  filled  in  after 
tile  draining. 

Movement  at  Medium  Water  Content.  It  was  taught  until 
comparatively  recently,  and  to  some  extent  probably  is  still 
taught,  that  water  which  is  in  excess  of  the  immobile  water 
at  low  water  content  but  which  is  not  free  to  move  under  the 
action  of  gravity,  can  be  considered  as  a  film  over  the  particles 
and  that  when  water  evaporates  from  the  surface  or  is  removed 
by  a  plant  root,  there  is  a  creeping  of  the  film  to  restore 
the  water  content  at  the  point  where  it  has  been  reduced 
On  this  assumption,  the  effects  of  mulching  of  soil  in  con- 
eervmg  water  beneath  the  surface  was  explained  by  saying 
that  the  continuity  of  the  film  was  broken  in  the  mukhed 


34  PHYSICAL  PROPERTIES  OF  THE  SOIL 

surface,  so  that  when  water  evaporated  from  the  loose 
particles  there  the  water  below  could  not  creep  up  to  replace 
it.  Conversely,  the  effect  of  rolling  in  order  to  bring  water 
to  the  germinating  seeds  was  explained  by  saying  that  the 
compression  of  the  soil  particles  facilitated  a  continuous  film, 
and  therefore  the  upward  creep  of  water. 

For  some  years  past  the  soil  physicists  have  said  that  such 
a  creeping  movement  of  water  is  not  likely  to  be  great  enough 
to  have  any  appreciable  effect,  and  that  the  explanation  of 
the  effect  of  mulching  and  hoeing  on  the  conservation  of 
soil  water  is  explained  by  such  facts  as  the  removal  of  weeds, 
and  therefore  a  reduction  in  the  amount  of  water  transpired. 

The  present  tendency  is  to  think  of  the  soil  pore  space  as 
a  collection  of  “  cells  ”  and  the  movement  of  water  as  a 
movement  from  one  cell  to  another.  When  particles  in  con¬ 
tact  are  very  slightly  wetted  there  will  be  little  rings  of  water 
round  each  point  of  contact  which  will  make  little  wedges 
of  water  in  the  corners  of  each  cell.  When  more  water  is 
present  these  wedges  may  join  up  so  that  the  water  phase 
becomes  continuous.  There  are  changes  in  the  curvature  of 
the  water  surface  in  each  cell  as  the  water  content  increases, 
and  these  involve  changes  of  vapour  pressure.  It  is  possible 
for  considerable  differences  of  pressure  to  be  set  up  between 
one  cell  and  another,  causing  water  to  move  from  one  cell 
to  another.  It  is  movement  from  cell  to  cell  rather  than  the 
movement  of  a  continuous  film  of  water  that  is  involved  in 
the  present  views. 

Notwithstanding  these  modern  views,  the  capillary  creep 
theory  ought  not  to  be  set  lightly  aside  in  its  entirety.  It  is 
true  that  it  has  no  practical  validity  at  low  water  content ; 
it  must,  however,  be  remembered  that  the  spaces  between 
soil  particles  do  act  as  irregular  tubes  and  that  the  sides  of 
these  tubes  will  be  wetted  in  the  same  way  that  a  capillary 
tube  placed  in  a  basin  of  water  has  its  sides  wetted  from  the 
surface  of  the  visible  water  to  the  top  of  the  tube.  When 
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water  has  risen  in  a  capillary  tube — see  Fig.  5 — the  water 
is  only  visible  to  the  height  A.  In  fact, 
however,  the  curved  water  surface  that 
can  be  seen  at  A  extends  as  a  thin  film 
up  the  whole  length  of  the  tube  to  the 
top.  The  same  sort  of  thing  must 
presumably  happen  above  the  water 
table  in  the  irregular  tubes  between 
the  soil  particles.  There  is  always  an 
equilibrium  between  the  upward  pull 
of  this  film  and  the  downward  pull  of 
gravity,  and  if  water  is  removed  from 
any  part  of  the  film  there  will  be  a  movement  of  water  to 
replace  it. 

Capillary  Potential  and  pF.  The  term  capillary  potential 
was  introduced  in  America  thirty  years  ago  with  the  intention 
of  making  it  possible  to  consider  soil  water  movement  as  a 
movement  between  two  points  of  different  capillary  potential 
in  the  same  way  as  the  movement  of  an  electric  current  is 
considered  as  a  movement  between  two  points  of  different 
electrical  potential. 

It  will  be  understood  from  what  has  already  been  said 
that  at  any  given  moisture  content  there  is  a  definite  pressure 
necessary  to  move  water  into  a  soil  and  a  corresponding 
suction,  i.e.  pressure  deficiency,  necessary  to  move  water  from 
it.  The  height  of  a  column  of  water  corresponding  to  this 

pressure  or  pressure  deficiency  was  taken  as  the  capillary 
potential.  r  J 


Fig.  5. 


It  follows  from  the  early  part  of  this  chapter  that  the  lower 
the  water  content  of  the  soil  the  more  strongly  is  the  water 
held  and  the  greater  is  the  pressure  deficiency  required  to 

Cr  °thnr  WOrdS’  the  lower  the  water  content  the 

higher  is  the  capillary  potential,  and  water  will  always  move 

po°tenttlCeS  CaPiUary  POtentia‘  *°  PlaCeS  of  h‘^er 


36  PHYSICAL  PROPERTIES  OF  THE  SOIL 

Not  much  use  was  made  of  the  capillary  potential  until 
recently,  when  it  has  been  investigated  by  Schofield,  who 
uses  a  very  satisfactory  Buchner  funnel  method  for  its  deter¬ 
mination.  Schofield  has  suggested  that  instead  of  expressing 
the  capillary  potential  as  the  height  of  a  column  of  water 
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Fig.  6. — Curves  (Schofield). 


it  should  be  expressed  as  the  logarithm  of  that  height  and 
designated  the  pF  of  the  soil.  Thus  if  at  a  given  soil-water 
content  a  pressure  deficiency  of  1  atmosphere  (approximately 
1,000  cm.  of  water)  is  required  to  draw  water  from  the  soil, 
the  soil  would  be  said  to  have  a  capillary  potential  of  1,000  cm. 
and  a  pF  =  3. 

The  pF  of  a  soil  can  be  plotted  against  the  moisture  content, 
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and  in  any  two  soils  at  the  same  pF  there  will  be  a  higher 
percentage  of  moisture  in  the  one  with  the  greater  power  of 
holding  water. 

The  pF — moisture  curve  is  not  the  same  when  determined 
by  the  drying  of  a  wet  soil  as  when  determined  by  the  wetting 
of  a  dry  soil.  A  soil  brought  to  a  certain  pF  by  drying  the 
wet  soil  will  have  a  higher  percentage  of  water  than  if  brought 
to  the  same  pF  by  wetting  the  dry  soil.  No  doubt  the  two 
percentages  would  be  the  same  if  an  indefinitely  long  time 
were  allowed  for  the  very  slow7  attainment  of  a  perfect  equilib¬ 
rium,  but  for  practical  purposes  there  is  a  drying  pF  and  a 
wetting  pF.  Fig.  6  shows  the  pF  curves  obtained  by  Schofield 
for  a  Rothamsted  soil. 

The  conception  of  pF  is  not  dependent  upon  any  particular 
theory  of  the  retention  or  movement  of  water ;  it  is  equally 
applicable  to  static  and  dynamic  considerations,  and  while 
its  full  usefulness  has  yet  to  be  determined  it  will  certainly 
give  a  precision  to  conceptions  that  have  been  vague  hitherto. 
Thus  it  seems  from  Schofield’s  work  that  we  can  say  with 
reasonable  certainty  that  plants  wilt  when  the  soil  reaches 
pF  =  4-2  on  the  drying  curve. 


Soil  Air 

There  are  three  principal  differences  between  the  composi¬ 
tion  of  the  air  in  the  pore  space  of  soil  and  the  composition 
of  the  atmospheric  air — 

(1)  The  soil  air  is  generally  saturated,  or  nearly  saturated, 

with  water  vapour. 

(2)  There  is  more  variation  in  the  composition  of  soil  air 

than  in  the  atmosphere  above. 

(3)  boil  air  contains  seven  or  eight  times  as  much  carbon 

dioxide  as  the  atmosphere  above. 
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The  following  figures  show  the  approximate  average  com¬ 
position  of  dry  soil  air  and  dry  atmospheric  air  : 


Soil 

Atmospheric 

Air. 

Air. 

Oxygen  .... 

.  20-6 

20-99 

Nitrogen,  etc.  . 

.  79-2 

78-95 

Carbon  dioxide 

.  0-2 

0-03 

Carbon  Dioxide  Content 

of  Soil 

Air.  The 

carbon  dioxide  content  in  the  pore  space  of  soils  is  due  to 
the  respiration  of  micro-organisms.  Soils  free  from  micro¬ 
organisms,  e.g.  after  treatment  with  antiseptics,  do  not  have 
a  higher  carbon  dioxide  content  in  the  pore  space  than  the 
atmospheric  air.  Moreover,  the  fluctuations  in  the  amounts 
of  carbon  dioxide  with  season  follow  roughly  the  fluctuations 
in  the  production  of  ammonia  and  of  nitrate,  which  are 
known  to  be  produced  by  bacterial  activity  (p.  56).  The 
variations  in  the  amounts  of  carbon  dioxide,  ammonia  and 
nitrate  are  all  roughly  parallel  to  the  variations  in  bacterial 
numbers.  This  parallelism  is  by  no  means  precise,  but  it  is 
sufficient  to  justify  the  conclusion  that  all  these  things  are 


related. 

The  carbon  dioxide  content  of  soil  air,  like  that  of  nitrate, 
rises  to  a  maximum  in  the  spring,  falls  during  the  summer 
and  rises  to  another  maximum  in  the  autumn,  which  is  usually 
not  so  high  as  the  spring  maximum.  It  then  falls  to  a 
minimum  during  the  winter.  The  curve  is  similar  to  the 
nitrate  curve  (p.  56). 

Carbon  dioxide  is  continually  being  produced  in  the  soil 
by  the  respiration  of  organisms  and  there  is,  of  course, 
diffusion  from  the  pore  space  into  the  outside  air.  In  an 
undisturbed  soil  an  equilibrium  is  set  up  between  the  rate 
of  production  and  the  rate  of  diffusion,  and  at  this  equilibrium 
the  carbon  dioxide  content  in  the  pore  space  is  usually 
about  0-2  per  cent. 

The  carbon  dioxide  content  of  soil  air  is  temporarily 


39 


WATER,  AIR  AND  TEMPERATURE 

increased,  as  would  be  expected,  by  the  addition  of  organic 
matter.  It  is  also  temporarily  increased  during  heavy  rain¬ 
fall,  when  presumably  the  diffusion  of  carbon  dioxide  out¬ 
wards  is  reduced  or  stopped  by  the  sealing  of  the  surface 
soil  by  water.  A  growing  crop  might  be  expected  to  increase 
the  carbon  dioxide  content,  but  the  effect  seems  to  be  sur¬ 
prisingly  small.  The  carbon  dioxide  content  is  reduced  if 
the  soil  is  disturbed,  e.g.  by  ploughing,  and  it  is  also  tem¬ 
porarily  reduced  after  sudden  changes  of  temperature. 

The  Absorbed  Air  of  the  Soil.  If  a  soil  is  put  into 
a  flask  and  the  flask  evacuated,  it  is  found  that  the  soil  will 
give  up  gases  that  had  been  absorbed  in  the  surface  of  the 
soil  particles.  There  is  an  insignificant  amount  of  oxygen  in 
these  absorbed  gases.  Carbon  dioxide  is  absorbed  in  greatest 
quantity,  nitrogen  in  variable  amounts.  The  following  figures 
show  the  percentages  of  oxygen,  nitrogen  and  carbon  dioxide 
in  successive  portions  of  the  absorbed  atmosphere  of  the  soil. 
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Soil  Temperature 

The  surface  of  the  soil  is  heated  by  radiation  from  the  sun. 
This  heat  is  conducted  downwards  but  the  effect  is  not 
noticeable  at  depths  greater  than  two  or  three  feet.  The 
maximum  temperature  attained  during  a  summer  day  will 
be  reached  at  a  later  hour  and  will  also  be  lower  the  greater 
the  depth  at  which  it  is  measured.  The  maximum  tempera¬ 
ture  at  the  surface  is  reached  soon  after  midday,  but  there 

is  below  the  surface  a  time  lag  which  is  greater  the  greater 
the  depth. 

Observations  at  Rothamsted  have  shown  that  during  the 
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summer,  and  at  a  depth  of  six  inches,  the  maximum  tem¬ 
perature  is  reached  about  4.30  p.m.  After  this  the  tem¬ 
perature  falls  more  slowly  than  it  rose  until  about  7.30  a.m. 
the  next  morning.  At  about  9.30  a.m.  it  commences  to  rise 
again  to  the  afternoon  maximum.  The  maximum  tempera¬ 
ture  attained  in  these  Rothamsted  experiments  was  about 
22°  C.  and  the  minimum  temperature  at  six  inches  was  about 
18°  C. 

There  are  no  regular  daily  variations  during  the  winter. 

Factors  Affecting  Soil  Temperature.  It  is  possible  for 
two  different  soils  in  the  same  geographical  situation  to 
attain  different  temperatures  under  the  same  heating  influence 
of  the  sun,  and  at  least  three  factors  may  bring  this  about — 

(i)  Colour.  A  dark  surface  is  known  to  absorb  more  heat 
and  to  reflect  less  than  a  white  surface,  and  consequently 
dark-coloured  soils  will  attain  a  slightly  higher  temperature 
than  light-coloured  soils  when  all  other  things  are  equal. 
This,  however,  is  probably  not  of  great  importance. 

(ii)  Aspect.  It  is  obvious  that  in  the  northern  hemisphere 
the  more  land  is  sloping  to  the  south  the  warmer  it  will  be 
since  the  same  amount  of  heat  from  the  sun  will  fall  upon 
a  smaller  area. 

(iii)  Water  Content.  The  specific  heat  of  water  is  taken 
as  1.  Compared  with  this  the  specific  heats  of  all  the  common 
soil  constituents  such  as  clay,  sand,  chalk,  etc.,  are  all  in  the 
neighbourhood  of  0-2.  This  means  that  a  given  amount  of 
heat  will  only  have  one-fifth  of  the  effect  in  raising  the  tem¬ 
perature  of  1  lb.  of  water  as  in  raising  the  temperature  of 
1  lb.  of  dry  soil.  Clearly,  therefore,  the  wetter  the  soil  the 
lowrer  its  temperature  will  be. 


Chapter  4 


BASE  EXCHANGE  AND  LIME  STATUS 

In  the  middle  of  the  last  century,  shortly  after  the  founda¬ 
tion  of  the  Royal  Agricultural  Society,  the  chemist  to  that 
Society,  Thompson,  found  that  when  a  soil  is  shaken  up  with 
a  solution  of  ammonium  sulphate  some  of  the  ammonium  is 
removed  from  the  solution  by  the  soil,  while  at  the  same 
time  some  calcium  is  given  up  by  the  soil  to  the  solution, 
the  amount  of  sulphate  in  solution  remaining  unchanged. 
Thompson’s  successor,  Thomas  Way,  investigated  this  by  a 
piece  of  work  that  has  become  classical  and  has  probably 
stimulated  more  investigation  into  the  chemistry  of  the  soil 
than  the  work  of  any  other  single  man. 


BASE  EXCHANGE 

The  interchange  of  bases  between  a  soil  and  a  salt  in  solu¬ 
tion  is  commonly  known  as  base  exchange.  The  main  facts 
about  it  which  were  almost  all  established  by  Thomas  Way 
are  as  follows  : 

(1)  The  amount  of  base  removed  from  the  solution  is 

chemically  equivalent  to  the  amount  given  up  from 
the  soil  to  the  solution. 

(2)  While  all  bases  can  be  removed  from  the  solution  in 

exchange  for  another  base  or  bases  from  the  soil, 
acids  are  not  removed  in  the  same  way.  Acids  can 
be  removed  by  the  precipitation  of  insoluble  salts, 
which  is  another  matter,  thus  oxalates  and  phos¬ 
phates  are  partly  removed  from  the  solution  because 
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calcium  forms  insoluble  calcium  oxalate,  and  insoluble 
phosphates  of  calcium,  iron,  etc.,  are  formed.  But 
nitrates,  chlorides,  sulphates,  etc.,  which  do  not 
form  insoluble  salts,  are  not  removed  from  solution 
by  soil. 

(3)  The  interchange  of  bases  between  the  soil  and  solution 

is  practically  instantaneous. 

(4)  Temperature  has  practically  no  effect  on  the  amount 

of  interchange. 

(5)  The  amount  of  base  removed  from  a  solution  is  not 

proportional  to  the  amount  of  soil.  If  a  certain 
volume  of  a  neutral  salt  solution  is  shaken  up  with 
50  g.  of  soil,  a  certain  amount  of  base  will  be  removed 
from  the  solution  in  the  exchange.  If  the  same 
volume  of  the  same  solution  is  shaken  up  with  100  g. 
of  soil,  the  amount  of  base  removed  will  be  much 
greater  but  not  twice  as  great. 

(6)  There  is  an  upper  limit  to  the  amount  of  exchangeable 

base  that  a  given  weight  of  soil  can  hold.  If  a  certain 
weight  of  soil  is  shaken  with  a  solution  of,  say,  sodium 
chloride,  some  sodium  is  removed  in  exchange  for 
calcium,  etc.  ;  if  the  solution  is  now  filtered  off  and 
the  soil  treated  again  with  the  salt  solution,  more 
sodium  will  be  removed  in  exchange  for  more  calcium, 
etc.  If  this  has  been  repeated  several  times,  however, 
it  is  found  that  the  soil  has  taken  up  all  the  sodium 
it  can  hold.  It  is  then  said  to  be  saturated  with 
sodium  or  to  have  its  base  exchange  capacity  entirely 
satisfied  with  sodium. 

(7)  Base  exchange  is  reversible.  If  a  soil  is  saturated  with 

sodium  by  repeated  treatments  with  sodium  salt  and 
another  portion  of  the  same  soil  is  saturated  with 
potassium  by  repeated  treatments  with  the  potassium 
salt,  it  will  then  be  found  that  if  the  sodium  soil  is 
treated  with  a  potassium  salt,  potassium  will  be  taken 
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up  in  exchange  for  sodium,  and  if  the  potassium  soil 
is  treated  with  sodium  salt,  sodium  will  be  taken  up 
in  exchange  for  potassium. 

(8)  While  a  soil  can  be  saturated  with  any  base  by  repeated 

treatments  with  some  salt  of  that  base,  the  saturation 
is  more  easily  and  more  quickly  effected  with  some 
bases  than  with  others.  Potassium,  for  example,  is 
taken  up  from  the  solution  more  easily  than  sodium. 
The  treatment  of  a  soil  with  a  solution  of  a  potassium 
salt  does  not  require  so  many  repetitions  to  effect 
saturation  as  the  treatment  of  the  same  soil  with 
an  equivalent  solution  of  a  sodium  salt.  Moreover, 
one  treatment  of  a  sodium  soil  with  a  potassium  salt 
will  effect  a  greater  extent  of  exchange  than  a  similar 
treatment  of  potassium  soil  with  a  sodium  salt,  though 
in  both  cases  the  exchange  can  be  completed  by  a 
sufficient  number  of  treatments. 

(9)  The  physical  properties  of  a  soil  are  very  much  affected 

by  the  particular  exchangeable  base  or  bases  that  it 
holds.  Thus,  if  a  fairly  heavy  soil  is  saturated  with 
sodium  it  becomes  extremely  sticky,  and  it  is  some¬ 
times  practically  impossible  to  filter  water  through  it. 
If  the  same  soil  is  saturated  with  calcium,  however, 
it  will  be  comparatively  crumbly  in  texture  and  water 
can  be  filtered  through  it  without  difficulty. 

(10)  Base  exchange  in  soil  is  effected  by  certain  double 
silicates  in  the  clay.  Way  was  able  to  precipitate 
an  artificial  silicate  with  base  exchange  properties  bv 
mixing  solutions  of  sodium  aluminate  and  sodium 
silicate.  Base  exchange  is  also  effected  by  humus. 

The  Mechanism  of  Base  Exchange.  When  Way  pub¬ 
lished  his  monumental  paper  on  this  subject  he  explained 
base  exchange  as  being  a  double  decomposition.  He  assumed 
that  there  was  some  insoluble  calcium  salt  in  the  soil  which 
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interchanged  its  base  with  the  ammonium  in  solution  so  that 
an  insoluble  ammonium  salt  was  formed  in  the  soil  and 
some  calcium  sulphate  in  the  solution,  thus  : 

CaX  +  (NH4)2S04  - *  (NH4)2X  +  CaS04 

This  view,  however,  was  disputed  by  Liebig,  who  contended 
that  the  removal  of  base  from  the  solution  was  a  physical 
absorption  comparable  to  the  removal  of  certain  substances 
from  solution  by  charcoal.  Liebig  further  said,  apparently 
without  putting  the  matter  to  experimental  test,  that  it  was 
impossible  for  base  exchange  to  be  reversible.  Way  replied 
that  if  the  removal  from  solution  was  a  physical  absorption, 

the  ammonium  sulphate  molecules  as 
a  whole  should  be  removed  and  not 
merely  the  ammonium  alone.  The 
formation  of  ions  was  not  known  at 
this  time  and  Way  would  think  of  the 
ammonium  sulphate  molecules  as  being 
undivided  entities.  On  the  second 
point  he  contended  that  the  reversi¬ 
bility  of  base  exchange  was  an  experi¬ 
mental  fact. 

The  argument  about  the  mechanism 
of  base  exchange  continued  for  the  best 
part  of  seventy  years  and  was  by  far 
the  most  notorious  subject  of  contention  among  soil  chemists. 
The  whole  history  of  the  argument  cannot  be  described  here, 
and  it  is  sufficient  to  say  that  there  is  now  a  general  concensus 
of  opinion  that  base  exchange  is  merely  an  interchange 
between  positive  ions  in  solution  and  positive  ions  tethered 
by  electrostatic  attraction  to  the  particles  of  clay  and  humus. 
It  has  already  been  pointed  out  (p.  14)  that  a  humus  particle 
behaves  like  an  enormous  anion  with  negative  charges  to 
which  are  attached  a  number  of  cations  holding  an  equivalent 
total  amount  of  positive  charges — see  Fig.  7.  Clay  particles 
are  constituted  in  a  similar  way.  The  clay  minerals  have 


Fig.  7. — Diagrammatic 
Representation  of 
the  Soil  Particle  as 
a  “  Salt 
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a  crystal  lattice  structure.  In  some,  such  as  kaolin,  the  cations 
are  confined  to  the  outer  surface  only  and  the  base  exchange 
capacity  is  low.  In  others  such  as  montmorillonite,  exchange¬ 
able  cations  can  penetrate  into  the  crystal  structure  and  the 
base  exchange  capacity  is  high  (p.  11). 

Two  facts  may  be  mentioned  as  evidence  of  this  electrolyte 
structure  of  the  colloidal  matter  of  the  soil : 


(1)  If  an  acid  soil,  that  is  the  soil  in  which  the  base  exchange 

capacity  is  largely  satisfied  by  hydrogen,  is  suspended 
in  water,  it  has  the  usual  effect  of  hydrogen  ions  upon 
an  electrode  and  the  hydrogen  ion  concentration  can 
be  determined  electrometrically.  As  the  particles  in 
suspension  begin  to  fall,  however,  the  hydrogen-ion 
concentration  falls,  and  when  no  particles  remain  in 
contact  with  the  electrode,  the  water  is  neutral  with 
a  pH  equal  to  7.  This  clearly  indicates  that  there  are 
hydrogen  ions  tethered  to  the  particles. 

(2)  If  an  electric  current  is  passed  through  a  solution  of 

an  electrolyte,  the  cations  and  anions  migrate  in 

opposite  directions.  This  also  takes  place  when  an 

electric  current  is  passed  through  a  suspension  of  soil 

material.  The  soil  particles  travel  one  way  and  can 

be  collected  as  a  hydrogen  soil ;  the  metallic  cations 

travel  in  the  other  direction  and  can  be  collected  as 

hydroxides.  This  electrodialysis,  as  it  is  called,  gives 

a  clear  proof  of  the  electrolyte  structure  of  the  soil 
complex. 


Smls  Flooded  with  Sea-Water.  The  fact  that  the 
physical  properties  of  soil  are  affected  by  the  particular 
cations  m  the  exchange  complex,  has  an  important  practical 
issue  when  land  is  flooded  with  sea-water,  and  the  base 
exchange  capacity  becomes  largely  satisfied  with  sodium  It 
has  already  been  pointed  out  that  a  sodium  soil  can  be  very 
sticky  and  the  flooding  of  soil  with  sea-water  will  usul^ 
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therefore,  ruin  the  texture  of  the  soil.  Moreover,  base 
exchange  is  practically  an  instantaneous  process  and  even  a 
brief  incursion  of  sea-water  may  therefore  do  incalculable 
damage.  In  1921  the  Humber  overflowed  its  banks  into 
Lincolnshire  i  some  of  the  fields  were  only  under  water  for 
a  day  or  two  and  none  of  the  land  was  flooded  for  more 
than  a  week  or  so,  but  it  was  three  or  four  years,  and  in  some 
areas  longer,  before  the  land  could  be  brought  back  into 
cultivation.  Not  only  is  a  sodium  soil  extremely  sticky 
when  it  is  wet,  but  on  drying  out  it  frequently  sets  to  a 
solid  mass  like  a  cement  platform.  Recovery  is  only  possible 
by  replacing  the  sodium  with  calcium.  This,  however,  is 
very  difficult,  because  working  the  sodium  soil  and  bringing 
carts  and  implements  on  to  it  tends  to  enhance  its  stickiness. 
It  is  therefore  a  matter  of  the  greatest  difficulty  to  get  a 
suitable  calcium  salt  properly  mixed  with  the  soil. 

A  special  case  of  considerable  interest  is  the  land-reclamation 
work  which  has  gone  on  for  many  centuries  on  the  north 
coast  of  Holland.  The  silt  deposited  by  the  sea  is  allowed 
to  accumulate  as  a  “  polder  ”  until  there  is  sufficient  area 
to  be  dyked  in,  after  which  it  is  called  a  “  k welder  ”.  The 
bringing  of  this  kwelder  into  cultivation  is  made  possible  by 
the  fact  that  there  is  a  considerable  amount  of  calcium 
carbonate  in  the  suspended  matter  in  the  sea-water  and  this, 
within  a  year  or  so,  will  react  with  the  sodium  clay  to  reform 
a  calcium  clay.  Whether  this  land-reclamation  work  would 
have  been  possible  if  the  calcium  carbonate  were  not  there 
is  very  doubtful.  Even  as  it  is,  the  cropping  of  the  kwelder 
has  to  be  done  with  great  care,  and  the  Dutch  workers  have 
learned  by  long  experience  the  exact  conditions  under  which 
work  can  be  done  on  the  kwelder  in  its  early  years  with  a 
minimum  of  damage  to  texture. 

All  the  skill  available  for  recovery  of  flooded  land  in  Holland 
will  be  required  now  since  large  areas  in  Holland  have  become 
flooded  during  the  war,  partly  by  deliberate  enemy  action  and 
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partly  because  a  shortage  of  fuel  has  necessitated  the  cessation 
of  pumping. 

THE  LIME  STATUS  OF  SOILS 

The  “  Sourness  ”  of  Soils.  There  is  in  this  country  a 
common  state  of  infertility  which  is  characterized  by  the 
failure  of  certain  crops  and  the  prevalence  of  certain  weeds 
and  diseases.  Barley,  sugar-beet  and  mangolds  are  among 
the  crops  that  suffer  under  these  conditions,  while  rye, 
potatoes  and  oats  are  not  nearly  so  susceptible.  Mayweed 
and  spurrey  are  common  on  arable  land  in  this  condition  and 
bent  grass,  woodrush  and  sorrel  are  common  on  grass-lands. 
The  disease  most  commonly  associated  with  this  state  of 
infertility  is  “  club  root  ”  or  “  finger  and  toe  ”  in  cruciferous 
crops.  This  state  of  infertility  is  normally  corrected  by  the 
application  of  lime  (p.  155). 

Since  this  infertility  is  commonly  associated  with  acidity 
and  is  corrected  by  the  addition  of  an  alkali,  it  is  commonly 
assumed  that  the  cause  of  the  trouble  is  acid.  It  is  very 
likely,  however,  that  the  state  of  affairs  is  more  complicated 
than  that.  There  can  be  little  doubt  that  acidity  is  one 
factor  in  producing  this  infertility,  and  a  number  of  workers 
have  shown  that  there  is  a  pH  range  which  is  most  suitable 
to  a  particular  crop.  The  following  are  some  figures  obtained 
by  Arrhenius. 


Crop 

Wheat 


range 


65-75 

70-7-5 

7  0-7-5 

S-8-6-8 

5-0-60 

49-5-5* 

4-8-5-7 


Sugar-beet 


Barley 
Turnips 
Rye  . 
Swedes 


Potatoes 


a  more 
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There  are,  however,  a  few  soils  which  are  decidedly  acid 
and  yet  which  do  not  show  this  state  of  infertility  and  on 
which  crops  are  not  improved  after  liming  the  soil.  Moreover, 
barley,  which  is  susceptible  to  this  particular  infertility  in 
soil,  can  be  grown  in  water  solution  which  is  as  acid  as  any 
soil  ever  is.  A  study  of  these  facts  has  indicated  that  soluble 
aluminium  compounds  in  the  soil  may  be  responsible  for 
some  of  the  infertility.  Most  soils  when  they  become  acid 
will  tend  to  have  soluble  aluminium  in  the  soil  solution. 
Some  experiments  have  shown  that  while  barley  and  rye  are 
affected  in  very  much  the  same  way  by  increasing  acidity 
in  water  solutions,  barley  is  affected  much  more  than  rye  by 
increasing  concentrations  of  aluminium. 

Another  factor  that  may  influence  the  infertility  of  the 
soils  is  the  low  ratio  of  calcium  to  potassium  and  magnesium. 
It  was  shown  some  time  ago  by  Priestley  that  peat  plants, 
which  are  characteristic  of  sour  moorland  soils,  release  con¬ 
siderable  quantities  of  fat  in  their  metabolism.  This,  however, 
would  not  be  possible  in  the  presence  of  a  high  proportion 
of  calcium  on  account  of  the  formation  of  the  insoluble  calcium 
salts  of  the  fatty  acids.  The  characteristic  vegetation  of 
land  of  this  kind  may,  therefore,  be  due  in  part  to  the  low 
ratio  of  calcium  to  the  alkali  metals.  Pearsall  has  shown 
too  that  nardus  and  calluna ,  which  are  normally  character¬ 
istic  of  sour  lands,  can  grow  in  streams  in  the  Lake  District 
where  the  water  is  neutral  but  has  a  low  ratio  of  calcium 
and  magnesium  to  potassium  and  sodium.  The  symptoms 
of  the  type  of  infertility  in  question  are  diverse — the  failure 
of  certain  crops,  the  prevalence  of  certain  weeds  and  the 
prevalence  of  certain  diseases.  It  does  not  follow  that  all 
these  diverse  symptoms  are,  however,  caused  primarily  by 
the  same  cause.  The  presence  of  acid,  the  presence  of  toxic 
aluminium  salts,  the  deficiency  of  calcium,  are  all  possible 
causes,  and  one  may  be  more  definitely  concerned  with  one 
symptom  than  with  another. 
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Lime  Requirement.  However  complicated  and  obscure 
may  be  the  actual  cause  or  causes  of  soil  sourness,  for  all 
practical  purposes  it  is  connected  with  a  deficiency  of  calcium, 
and  conditions  consequential  on  that  and  the  important 
economic  consideration,  is  the  amount  of  lime  that  should 
be  applied  in  order  to  correct  the  infertility. 

Before  our  present  knowledge  of  base  exchange  was  estab¬ 
lished,  consideration  in  connection  with  lime  requirement 
was  mainly  directed  to  the  presence  or  absence  of  free  calcium 
carbonate.  If  a  soil  contained  free  calcium  carbonate  as 
shown  by  effervescence  with  acid,  it  was  assumed  to  be 
adequately  provided  with  calcium.  This  assumption  is  almost 
invariably  correct.  It  cannot,  however,  be  assumed  that  the 
absence  of  free  calcium  carbonate  implies  a  deficiency  of 
calcium  since  the  mere  fact  that  free  calcium  carbonate  is 
absent  gives  no  information  whatever  about  the  calcium  in 
the  exchange  complex.  There  are  four  different  conditions 
(Fig.  8)  which  concern  the  amount  of  exchangeable  calcium 
and  the  amount  of  free  calcium  carbonate  present  in  the  soil, 
and  these  are  illustrated  as  follows  : 

(1)  A  soil  may  be  saturated  with  calcium  and  have  in 

addition  a  reserve  of  calcium  carbonate. 

(2)  A  soil  may  be  saturated  with  calcium  but  have  no  free 

calcium  carbonate. 

(3)  A  soil  may  be  unsaturated  and  have  no  free  calcium 

carbonate. 

(4)  A  soil  may  be  unsaturated  and  yet  have  a  reserve  of 

calcium  carbonate.  This,  however,  is  only  a  tem¬ 
porary  condition  and  as  the  calcium  carbonate  becomes 
more  intimately  mixed  with  the  moist  soil,  calcium 
will  replace  the  hydrogen  in  the  exchange  complex. 

A  soil  which  is  saturated  with  calcium  will  be  alkaline 
because  the  soil  acid  is  a  very  weak  acid  and  the  calcium 
complex  will  be  comparable  to  the  salt  of  a  relatively  strong 
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base  and  a  relatively  weak  acid.  It  will  be  alkaline  for  the 
same  reason  that  sodium  phosphate  is  alkaline.  A  state  of 
neutrality  exists  when  the  amount  of  exchangeable  calcium 


Fro.  8. — The  Four  Different  States  of  Cation  Saturation. 


is  roughly  50  per  cent,  the  rest  of  the  exchange  complex 
being  satisfied  with  hydrogen. 

Calcium  has  been  referred  to  here  as  if  it  were  the  only 
exchangeable  metallic  cation.  Actually  there  are  certain 
amounts  of  magnesium,  potassium  and  sodium  in  the  exchange 
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complex,  but  in  this  country  80  per  cent  or  more  of  the 
exchangeable  metallic  cations  are  calcium. 

Roughly  speaking,  the  lime  requirement  of  a  soil  is  the 
amount  of  lime  required  to  bring  the  reaction  of  the  soil 
somewhere  in  the  neighbourhood  of  neutrality.  There  is, 
however,  a  rather  different  view  of  the  matter  which  is  held 
by  G.  W.  Robinson  and  others.  Robinson  holds  that  the 
absolute  amount  of  exchangeable  calcium  is  the  important 
factor,  and  not  its  relationship  to  the  total  base  exchange 
capacity.  He  takes  the  view  that  a  soil  is  short  of  lime  if 
the  percentage  of  exchangeable  lime  falls  below  0*25  per  cent. 
His  method  of  lime-requirement  determination  is  therefore 
the  determination  of  the  exchangeable  calcium. 

Some  chemists  have  used  lime-requirement  methods  based 
on  the  measurement  of  the  acidity  developed  when  the  soil 
is  shaken  with  a  neutral  salt  solution.  If  there  is  a  deficiency 
of  metallic  cations,  some  hydrogen  ions  will  come  into  the 
solution  in  the  cation  exchange  and  the  solution  will,  there¬ 
fore,  be  acid,  and  the  more  so  the  greater  the  deficiency  of 
calcium  and  other  metallic  cations.  Attempts  have  also  been 
made  to  measure  the  amount  of  carbon  dioxide  evolved 
when  the  moist  soil  is  heated  with  calcium  carbonate.  The 
reduction  in  alkalinity  when  the  soil  is  shaken  with  calcium 
hydroxide  or  calcium  bicarbonate  have  been  used  and  the 
use  of  calcium  bicarbonate  in  the  Hutchinson-McLennon 
method  is  quite  common  in  this  country.  None  of  the 
methods  referred  to  in  this  paragraph,  however,  is  absolute 
and  the  results  obtained  are  not  proportional  to  the  amounts 
of  soil  used.  The  conditions  and  quantities  to  be  used  in 
any  of  these  methods  have  to  be  arbitrarily  determined  in 
order  to  get  comparable  results. 


A  somewhat  different  principle  is  used  by  a  few  soil  chemists 
and  involves  the  determination  of  the  of  the  soil.  This 
figure  by  itself  does  not  give  any  reliable  indication  of  the 
lime  requirement  because  different  soils  with  the  same  pH 
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will  be  differently  buffered  and  require  different  amounts  of 
lime  to  effect  the  same  change  of  pH.  It  is  therefore  necessary 
to  determine  the  pH  of  the  soil  alone  and  then  to  determine 
the  pH  of  the  soil  with  different  quantities  of  lime  and  so 
get  a  titration  curve  which  will  show  the  amount  of  lime 
required  to  bring  the  pH  into  the  neighbourhood  of  7. 

The  three  methods  that  seem  to  be  most  commonly  used 
in  this  country  are  the  determination  of  exchangeable  calcium, 
the  Hutchinson-McLennon  method  using  calcium  bicarbonate, 
and  the  determination  of  the  titration  curve. 


Chapter  5 


PLANT  FOOD 
NITROGEN 

Nitrogen,  which  is  essential  for  the  formation  of  protein, 
is  most  frequently  taken  up  by  plants  in  the  form  of  nitrate. 
Plants  can,  however,  take  up  other  nitrogen  compounds, 
particularly  ammonium  salts. 

Nitrogen  compounds  tend  to  increase  the  bulk  of  plants, 
and  frequently  to  increase  the  bulk  of  the  less  valuable 
part  of  the  plant.  Increasing  quantities  of  nitrogen  will 
continue  to  increase  the  yield  of  straw  after  they  have  ceased 
to  increase  and  even  after  they  have  depressed  both  the  yield 
and  quality  of  the  grain.  The  tendency  in  root  crops  is  to 
increase  the  ratio  of  leaf  to  root.  The  ripening  of  grain  is 
retarded  by  too  great  a  proportion  of  nitrogen  and  the  liability 
to  disease  is  considerably  enhanced.  Nitrogen  starvation  is 
characterized  by  a  general  yellowing  of  the  leaf  and  stunted 
growth. 

The  amounts  of  nitrogen  found  in  soils  vary  enormously. 
Soils  rich  in  organic  matter  contain  up  to  1  per  cent  or  more  ; 
and  at  the  other  extreme,  infertile  sands  may  contain  less 
than  0-05  per  cent.  Normal  figures  for  average  loams  are 
from  0-10  per  cent  to  0-30  per  cent.  The  total  amount 
present,  however,  is  no  guide  to  the  amount  available  for 
the  plant,  for  the  facility  with  which  the  nitrogen  in  its 
various  compounds  can  be  converted  into  nitrate,  or  some 
other  easily  assimilated  compound,  is  the  chief  factor  deter¬ 
mining  the  usefulness  of  the  nitrogen.  There  is  a  variety  of 
substances,  of  which  leather  waste  is  a  notable  example, 
which  are  sometimes  suggested  for  application  to  the  soil  on 
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account  of  their  high  nitrogen  content,  but  which  are  virtually 
valueless  to  the  plant  since  the  nitrogen  compounds  are  very 
resistant  to  the  changes  shortly  to  be  considered. 

The  Natural  Sources  of  Soil  Nitrogen 

The  nitrates  and  other  simple  nitrogen  compounds  that 
are  taken  up  by  plants  are  derived  from  protein  and  other 
complex  nitrogenous  substances  in  the  soil.  There  are  two 
chief  sources  of  these  substances  : 

(1)  Organic  matter  in  the  unharvested  parts  of  plants  and 

in  organic  manures. 

(2)  Proteins  formed  by  the  fixation  of  atmospheric  nitrogen 

by  micro-organisms. 

The  Fixation  of  Nitrogen.  There  exist  in  soils  certain 
bacteria  which  are  capable  of  taking  up  nitrogen  from  the 
atmosphere.  This  nitrogen  becomes  incorporated  in  the 
protein  of  the  bodies  of  the  organisms,  and  so  enriches  the. 
soil  in  nitrogen.  Some  of  these  organisms  exist  in  the  soil 
quite  independently  of  growing  plants,  but  there  is  one  group 
which  may  survive  in  the  soil,  but  which  is  most  active 
when  living  symbiotically  with  legumes. 

Of  the  nitrogen-fixing  bacteria  which  are  independent  of 
plants,  the  chief  are  the  butyric  acid  bacillus  B.  amylobacter 
(very  commonly  called  Clostridium  pasteurianum)  and 
Azotobacter  chroococcum. 

The  Clostridium  is  a  spore-forming  organism  which  fixes 
nitrogen  only  in  the  absence  of  oxygen  ;  in  the  soil  there 
are  certain  bacteria  associated  with  it  whose  function  appears 
to  be  to  remove  the  oxygen  from  the  neighbourhood.  Clostri¬ 
dium  operates  in  soils  over  a  wide  range  of  soil  reaction,  and 
appears  to  develop  in  quite  acid  soils.  Grown  on  culture 
media  containing  sugars,  it  produces  butyric  and  acetic  acids 
among  other  things  during  the  decomposition  of  the  sugars. 

Azotobacter  is  a  non-spore-forming  organism  and  functions 
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aerobically.  It  is  very  susceptible  to  soil  acidity  and  is 
rarely  present  in  the  absence  of  calcium  carbonate.  The 
failure  of  Azotobacter  to  develop  in  soils  lacking  in  lime  has 
been  used  with  marked  success  in  Denmark  as  a  test  for 
lime  deficiency.  The  course  of  decomposition  of  sugars  by 
Azotobacter  is  apparently  different  from  that  by  Clostridium 
as  no  butyric  acid  is  produced.  In  culture  media  where 
sugars  are  used  as  a  source  of  energy  for  the  organisms, 
Azotobacter  fixes  four  or  five  times  as  much  nitrogen  as 
Clostridium  for  the  same  weight  of  sugar  used. 

While  it  is  known  that  these  two  bacteria  exist  in  soils, 
and  that  in  artificial  media  they  fix  nitrogen  from  the  atmo¬ 
sphere,  there  are  yet  no  reliable  data  from  which  any  deduc¬ 
tions  can  be  made  as  to  the  amount  of  nitrogen  fixed  by 

them  in  the  field,  and  to  what  extent  the  farmer  is  indebted 
to  them. 


Other  organisms,  Rhizobium  spp.,  enter  leguminous  plants 
from  the  soil  and  are  responsible  for  the  familiar  nodules  on 
these  plants.  Living  thus  in  symbiosis  with  a  host  plant, 
these  organisms  fix  considerable  quantities  of  nitrogen.  Long 
before  the  organisms  were  isolated  or  their  function  under¬ 
stood,  it  had  been  established  by  experience  that  legumes, 
notably  clover,  were  in  some  way  responsible  for  a  marked 
improvement  m  succeeding  corn  crops.  In  1874  Lawes  at 
Rothamsted  had  actual  analytical  data  to  show  that  in  one 
of  his  experiments  the  total  barley  crop  following  clover  con- 

Zlf  Tr,7°  Per  m°re  “trogen  tha“  total  (and 
mailer)  barley  crop  which  was  preceded  bv  barley  But  it 

was  not  until  1888  that  Hellriegel  and  Wilfarth  demonstrated 

rf  *"* 

since  it  satisfactorily  explained  the  improving  ZcTTa 
clover  ley  upon  a  succeeding  corn  cropland  ft  it  ended 
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a  great  controversy  as  to  whether  plants  did,  or  did  not, 
take  nitrogen  from  the  atmosphere. 

Nitrification.  The  oxidation  of  organic  matter  in  the  soil 
has  been  referred  to  (p.  12)  :  the  fate  of  the  nitrogen  during 
that  oxidation  is  the  special  consideration  which  arises  here. 

The  nitrogen  in  the  more  complex  compounds  appears, 
during  the  course  of  decomposition,  as  ammonia,  which,  with 
the  carbonic  acid  of  the  soil,  forms  ammonium  carbonate. 
This  process  of  ammonification  is  brought  about  by  a  variety 
of  organisms,  chiefly  fungi  and  bacteria.  Under  normal  con- 


Fig.  9. — Fluctuation  of  Nitrate  Content  of  a  Yorkshire  (Garforth)  Soil. 

ditions  the  ammonium  compounds  are  oxidized  by  the  Nitro ~ 
somonas  and  Nitrosococcus  bacteria  and  nitrites  are  produced 
which  are  further  oxidized  by  the  Nitrobacter  organisms  to 
nitrates.  The  organisms  appear  to  be  specific  to  their  par¬ 
ticular  stage  of  the  change  :  Nitrosomonas  and  Nitrosococcus 
alone  seem  able  to  effect  oxidation  of  ammonium  compounds  ; 
and  only  Nitrobacter  the  oxidation  of  nitrites  to  nitrates. 

The  amount  of  nitrate  present  at  any  time  is  determined 
by  the  number  and  activity  of  the  various  micro-organisms 
involved.  In  consequence  the  seasonal  variations,  as  already 
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indicated,  follow  those  of  the  carbon-dioxide  content  (p.  38). 
From  the  Rothamsted  investigations  it  would  appear  that 
the  amount  of  nitrate  in  the  soil  at  the  spring  maximum 
is  of  the  order  of  20  parts  per  million.  A  similar  spring 
maximum  and  a  similar  seasonal  variation  is  seen  in  Fig.  9, 
obtained  by  R.  Burgess  on  a  Yorkshire  soil. 

More  nitrate  appears  to  be  produced  under  fallow  conditions 
than  when  the  soil  is  cropped,  a  fact  which  has  an  important 
effect  upon  the  yield  of  a  crop  following  a  fallow. 


The  Natural  Losses  of  Soil  Nitrogen 

Apart  from  the  removal  by  crops,  there  are  a  variety  of 
ways  in  which  nitrogen  may  be  lost  from  the  soil. 

Drainage.  Soils  do  not  absorb  nitrates  (p.  42),  and 
consequently  any  nitrate  which  is  formed  in,  or  added  to, 
the  soil,  will  be  removed  as  rapidly  as  the  drainage  conditions 
permit.  On  a  small  plot  at  Rothamsted  which  has  been 
kept  free  from  all  vegetation,  the  loss  of  nitrogen  (which  in 
thirty-five  years  has  exceeded  1,000  lb.  per  acre)  from  the 
top  nine  inches,  is  practically  the  same  as  the  nitrogen  which 
has  appeared  in  the  drainage  water  as  nitrate.  Rothamsted 
also  provides  another  striking  illustration  of  the  removal  of 
nitrate  in  drainage  water.  Among  the  continuous  wheat 
plots  in  Broadbalk  field  there  is  one  which  has  received  no 
manure  since  the  inception  of  the  experiment  in  1843,  and 
w  ich,  for  many  years  now,  has  given  an  average  annual 
yield  of  12-13  bushels  of  grain.  In  Agdell  field  there  is  an 
unmanured  plot  which  grows  wheat  in  alternate  years,  and 
is  bare  fallowed  in  the  intervening  years.  The  average  yield 
of  wheat  in  those  alternate  years  in  which  the  plot  is  cropped 
is  approximately  17.  bushels.  The  higher  yield  of  whea^ 
ollowing  fallow  when  compared  with  wheat  following  wheat 
is  attributed  to  the  nitrate  produced  during  the  period  of 
allow,  and  it  is  interesting  and  important  to  note  that  in 
wet  seasons  when  nitrate  is  leached,  the  yield  of  whelt 
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following  fallow  is  much  below  the  average,  and  only  slightly 
greater  than  the  yield  of  wheat  following  wheat.  In  abnor¬ 
mally  dry  seasons  the  difference  between  the  yield  of  wheat 
following  fallow,  and  of  wheat  following  wheat,  is  most 
marked. 

The  Loss  of  Free  Nitrogen.  This  may  occur  in  two 
different  ways : 

(а)  When  nitrogenous  organic  matter  decomposes  under 
certain  conditions  there  is  an  evolution  of  gaseous  nitrogen. 
It  has  been  known  for  some  time  to  take  place  in  sewage-beds, 
and  was  demonstrated  by  Russell  and  Richards  to  be  one 
of  the  chief  sources  of  loss  of  nitrogen  from  ordinary  manure- 
heaps.  The  chemical  changes  involved  are  still  rather  obscure, 
but  appear  to  involve  processes  of  oxidation  and  reduction. 
Russell  and  Richards’  work  made  it  clear  that  this  loss 
ensues  when  aerobic  and  anaerobic  conditions  coexist.  These 
are  the  conditions  which  obtain  in  an  ordinary  manure-heap, 
there  being  an  exclusion  of  air  from  certain  parts,  and  a 
circulation  of  air  between  other  parts.  These  are  also  the 
conditions  which  obtain  in  a  normal  soil  well  provided  with 
organic  matter.  Very  little  is  known  about  the  extent  and 
importance  of  this  loss  of  nitrogen  from  soils,  but  evidence 
exists  of  its  occurrence.  Losses  of  nitrogen  have  been 
described  from  certain  aerated  Canadian  soils  which  the 
meagre  drainage  is  inadequate  to  explain.  There  has  been 
an  average  annual  loss  of  something  like  125  lb.  of  nitrogen 
per  acre  from  the  farmyard-manure  plot  which  received 
14  tons  of  manure  annually,  on  the  continuous  wheat  field 
at  Rothamsted.  This  high  figure,  and  the  fact  that  the 
drain  from  this  plot  scarcely  ever  runs,  indicates  the  possi¬ 
bility  of  loss  of  gaseous  nitrogen  in  some  such  way  as  takes 
place  in  sewage-beds  and  manure-heaps. 

(б)  Denitrification.  There  is  another  possibility  (which  has 
no  connection  whatever  with  that  just  described)  of  a  loss 
of  gaseous  nitrogen  from  soils.  Under  anaerobic  conditions 
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a  large  number  of  soil  organisms  are  capable  of  decomposing 
the  soil  nitrate  to  obtain  the  oxygen  which  is  no  longer 
available  as  gas.  This  results  in  a  reversal  of  the  nitrification 
process  and,  in  addition  to  the  formation  of  nitrites  and 
ammonia,  brings  about  the  formation  and  consequent  loss  of 
free  nitrogen. 

The  Conversion  of  Nitrate  Nitrogen  to  Organic 
Combinations.  When  there  is  a  very  high  proportion  of 
non-nitrogenous  organic  matter  and  the  nitrogenous  matter 
falls  below  a  certain  percentage,  the  soil  organisms  attacking 
the  non-nitrogenous  matter,  and  for  which  organic  nitrogen 
is  now  limited,  tend  to  take  nitrogen  from  the  nitrate,  thereby 
bringing  that  nitrogen  into  organic  combination.  For  this 
reason  the  application  of  straw,  sawdust,  etc.,  to  soils,  tends 
to  reduce  the  amount  of  nitrate  present.  This,  of  course, 
is  not  strictly  a  loss  of  nitrogen,  but  it  involves  a  temporary 
reduction  in  the  amount  which  is  available  to  the  plant. 

Summary 

The  principal  nitrogen  changes  in  the  soil  may  be  sum- 
marized  as  follows  : 

Free  Clostridium _ pn  Organic  _ Free 


In  presence  of 
excess  non-N 
matter 


Denitrification 

(anaerobic) 


Nitrous  Acm> 

I 


Nitric  ac»d 


Fig.  10. 
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Partial  Sterilization 

Farming  experience  long  ago  discovered  that  crop  growth 
is  often  considerably  enhanced  in  places  where  hedge  trim¬ 
mings,  etc.,  have  been  burned.  Attempts  were  subsequently 
made  to  explain  this  as  the  effect  of  the  potash  which  remained 
after  burning  such  things,  but  the  frequently  remarkable 
increase  in  the  bulk  of  the  crop  was  rather  at  variance  with 
the  usual  effects  of  potash.  Moreover,  similar  results  were 
obtained  in  many  experiments  which  involved  heating  of  the 
soil  or  the  use  of  antiseptics,  and  in  which  additions  of  potash 
did  not  arise.  For  example,  Seton  and  Stewart,  in  experi¬ 
ments  designed  to  ascertain  whether  common  scab  in  potatoes 
was  a  mechanical  or  biological  effect,  incidentally  noticed, 
but  were  unable  to  explain,  a  much  bigger  yield  of  potatoes 
in  soils  which  had  been  sterilized  with  formalin,  than  in  the 
unsterilized  soil.  In  one  experiment  they  obtained  nearly 
three  times  the  yield  of  potatoes  as  a  consequence  of  treatment 
of  the  soil  with  formalin. 

Systematic  investigation  of  this  matter  was  initiated  by 
Russell.  Russell  and  Darbishire  investigated  in  a  long  series 
of  experiments  the  effect  of  heat  and  of  antiseptics  upon 
crop  yield.  With  non-leguminous  crops  they  obtained 
increases  varying  from  50  per  cent  to  350  per  cent  as  a  con¬ 
sequence  of  heating  the  soil  to  a  temperature  of  90°-95°  C. 
By  using  various  volatile  antiseptics  they  also  obtained 
considerable  increases  in  yield.  With  legumes,  however, 
there  was  generally  no  increase  consequent  upon  the  treat¬ 
ment.  The  fact  that  antiseptics  as  well  as  heat  have  this 
effect,  not  apparent  in  legumes  (which  are  able  to  obtain 
nitrogen  from  the  atmosphere),  clearly  indicates  a  biological 
effect  connected  with  the  nitrogen  nutrition  of  the  plant. 
Russell  and  Hutchinson,  in  a  series  of  classical  experiments, 
came  to  the  conclusion  that  in  the  soil  microfauna  there 
exist  protozoa  which  feed  upon  the  bacteria  and  set  a  limit 
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to  their  development  and  their  activities,  and  that  the  effect 
of  heat  and  antiseptics  is  to  destroy  protozoa  but  only  to 
suppress,  without  completely  destroying,  all  the  bacteria. 
After  this  initial  suppression,  the  bacteria  are  able  to  develop 
unhampered  by  their  former  enemy,  with  a  consequent 
increase  in  the  production  of  ammonia.  The  Rothamsted 
experiments  have  shown  that  after  the  partial  sterilization 
treatment  there  is  a  reduction  in  the  bacterial  numbers 
followed  in  a  few  days  by  an  increase  which  far  exceeds  the 
original  numbers,  and  that  this  increase  in  bacterial  numbers 
is  accompanied  by  a  larger  production  of  ammonia.  More¬ 
over,  a  long  series  of  daily  counts  at  Rothamsted  shows  that 
whenever  the  number  of  protozoa  in  the  soil  increases,  the 
number  of  bacteria  is  reduced,  and  that  as  the  protozoa 
diminish,  so  the  bacterial  numbers  increase. 

It  is  possible  that  other  effects  in  addition  to  the  extinction 
of  the,  protozoa  play  a  part  in  the  results  which  follow  partial 
sterilization,  at  any  rate  by  heat  treatment.  The  effect  of 
heating  soils  involves  a  number  of  physical  and  chemical 
changes  which  render  a  number  of  soil  constituents  more 
accessible  to  the  plant,  and  these  effects  may  also  be  of 
some  significance. 


Nitrification  and  Farm  Economy  .  It  will  be  clear  from 
what  has  been  said  that  the  formation  of  nitrate  in  the  soil 
is  apt  to  give  rise  to  considerable  loss  by  drainage.  Unless 
t  e  root-hairs  of  a  plant  are  ready  to  absorb  the  nitrate 
immediately  it  is  formed  it  will  descend  with  the  drainage 
water  Moreover,  the  formation  of  nitrate  takes  place,  as 
already  stated  to  a  greater  extent  in  uncropped  land  than 
m  cropped  land  and  in  an  average  season  there  is  probably 

f0nnat‘°D  'Mediately  after  harvest  than 
immediately  before.  So  far  as  can  be  judged  from  the  avail¬ 
able  data,  something  like  half  the  nitrate  produced  in  soils 
is  on  the  average  lost  by  drainage. 

In  spite  of  this  it  has  been  the  invariable  orthodox  teaching 
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of  the  agricultural  scientist  and  the  scientific  agriculturist 
that  nitrification  is  a  wholly  desirable  process.  There  are 
two  facts  which  have  probably  given  rise  to  this  belief.  One 
is  that  those  soil  conditions  such  as  adequate  aeration  and 
water  supply,  suitable  temperature  and  reaction,  which  are 
conducive  to  soil  fertility,  are  also  conducive  to  nitrate 
formation.  The  second  is  that  in  experimental  work  with 
fertilizers,  nitrogen  in  the  form  of  nitrate  has  generally  given 
higher  returns  than  an  equal  weight  of  nitrogen  in  the  form 
of  an  ammonium  compound.  The  first  of  these  facts  is 
obviously  no  evidence  whatsoever  that  nitrification  is  desirable, 
and  the  second  fact  is  irrelevant,  since  if  nitrification  were 
stopped  and  the  nitrogen  accumulated  in  ammoniacal  com¬ 
bination,  the  amount  which  would  accumulate  as  ammonia 
which  is  not  lost  from  the  soil  would  be  very  much  greater 
than  the  amount  present  at  any  one  time  as  nitrate,  and 
while  for  equal  weights  of  nitrogen,  nitrate  may  be  more 
efficient  than  ammonia,  it  is  indisputable  that  several  times 
the  weight  of  nitrogen  as  ammonia  is  more  effective  than  a 
given  weight  of  nitrogen  as  nitrate. 

The  adherence  to  the  belief  that  nitrification  is  a  desirable 
process  is  all  the  more  remarkable  in  view  of  the  experimental 
results  of  the  partial  sterilization  of  soil,  a  process  which 
enhances  fertility  but  in  which  the  nitrifying  organisms  are 
killed  off,  with  the  result  that  the  nitrogen  accumulates  as 
ammonia. 


MINERAL  MATTER 

Phosphorus.  The  effects  of  improving  a  meagre  supply 
of  phosphorus  and  making  it  adequate  are  very  different 
from  those  which  follow  an  increase  of  suitable  nitrogen 
compounds,  since  the  effects  of  phosphorus  concern  factors 
of  quality  rather  than  quantity.  Suitable  phosphorus  com¬ 
pounds  expedite  the  ripening  of  corn  crops  and  they  invigorate 
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the  growth  of  the  root  system.  Their  influence  upon  the 
roots  of  plants  makes  their  adequate  supply  a  matter  of 
importance  where  obstacles  to  root  development  exist,  as, 
for  example,  in  heavy  clay  soils.  In  lighter  soils,  although 
mechanical  opposition  to  root  penetration  is  not  abnormally 
great,  the  stimulation  of  root  development  by  phosphates  is 
still  very  desirable  when  the  water  table  is  low,  or  in  periods 
of  drought  and  in  areas  of  low  rainfall,  since  the  greater  root 
range  involves  greater  chances  of  drawing  upon  adequate 
water  supplies. 

The  amount  of  phosphorus  present  in  soils  varies  very 
much  ;  0-15  per  cent  indicates  the  order  of  the  amount  of 
P205  commonly  found  in  average  loams.  Some  chalk  soils, 
as  is  to  be  expected  from  their  origin,  contain  higher  amounts 
(0-2-0 -3  per  cent) ;  in  very  infertile  areas  the  percentage  may 
fall  to  something  in  the  third  decimal  place. 

Phosphorus  has  been  assumed  to  exist  in  the  soil  in  some 
form  of  calcium  phosphate  deposited  in  the  soil  colloids. 
Actually  there  is  very  little  known  about  the  chemical 
combination  of  phosphorus  in  soil :  some  of  it  is  very  probably 
in  the  crystal  lattice  structure  of  the  clay  minerals. 

It  is  often  said  that  when  the  ratio  of  calcium  to  phos¬ 
phoric  acid  becomes  low,  other  bases,  notably  the  weak  bases, 
iron  and  alumina,  may  enter  into  combination  with  the 
phosphoric  acid.  The  lower  solubility  of  the  phosphates  of 
iron  and  aluminium  has  led  to  the  assumption  that  the 
phosphorus  in  such  compounds  is  of  less  use  to  the  plant. 
Direct  evidence  of  this  is,  however,  lacking,  since  when  the 
lime  status  of  the  soil  becomes  low  and  the  possibility  of 
these  other  phosphates  being  formed  arises,  other  conditions 
are  set  up  (p.  47)  which  establish  a  state  of  infertility.  The 
presence  of  iron  and  aluminium  phosphates  in  the  soil  necessi¬ 
tates  acidity  and  a  low  lime  status.  The  difficulty  of  making 
a  direct  and  simple  experimental  investigation  of  the  effects 
of  iron  and  aluminium  phosphates  in  the  soil  as  compared 
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with  those  of  calcium  phosphate  is  one  illustration  of  the 
fundamental  difficulty  of  all  such  soil  work,  namely,  that  it 
is  impossible  to  alter  one  soil  condition  and  keep  all  the 
others  constant.  In  sand  cultures  iron  and  aluminium  phos¬ 
phates  have  been  found  to  compare  very  favourably  with 
calcium  phosphate  as  a  source  of  phosphorus  for  the  plant. 

Phosphate  is  not  leached  from  the  soil  to  any  very  great 
extent  and  the  danger  of  loss  in  drainage  which  is  so  great 
in  connection  with  the  nitrogen  nutrition  of  plants  does  not 
seriously  arise  here. 

Potassium.  As  with  phosphorus,  nitrogen,  and  other 
nutritional  elements,  knowledge  of  the  effects  of  potassium 
compounds  upon  plants  arises  from  empirical  observation 
more  than  from  any  understanding  of  the  physiological  pro¬ 
cesses  involved.  Like  phosphorus,  and  indeed  all  the  mineral 
elements  of  plant  food,  the  effects  of  potassium  are  more 
intimately  connected  with  factors  of  quality  than  of  quantity. 
No  plant  will  grow,  of  course,  in  the  absence  of  any  essential 
element,  but  the  insufficient  supply  of  these  elements  has  a 
less  general  effect  upon  the  bulk  of  a  plant  than  in  the  case 
of  nitrogen. 

Potassium  is  in  some  way  intimately  connected  with  starch 
formation,  and  appears  to  increase  the  velocity  of  the  photo¬ 
synthetic  processes.  Improving  the  potassium  supply  fre¬ 
quently  brings  about  a  small  increase  in  the  leaf  area  of 
plants,  but  this  increase  is  trivial  compared  with  the  increase 
in  the  amount  of  carbohydrate  formed.  What  may  be 
roughly  described  as  the  “  stamina  of  a  plant,  its  power 
to  resist  disease  and  insect  attacks,  is  only  maintained  when 
potassium  supplies  are  adequate.  The  effects  of  potash 
starvation  are  well  seen  on  the  classical  Rothamsted  plots. 
Cereal  leaves  assume  a  characteristic  dark  green,  and  tend 
to  die  at  the  tips  ;  grain  is  frequently  stunted  and  sometimes 
sterile.  Unlike  phosphorus  compounds,  potassium  com¬ 
pounds  delay  the  maturation  of  plants.  Arising  from  the 
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survey  of  Sussex,  Surrey  and  Kent,  Hall  and  Russell  point 
out  that  potassium  is  more  useful  under  a  low  rainfall,  and 
they  attribute  this  to  its  effect  in  delaying  ripening  and  so 
counteracting  the  opposite  effect  of  dry  climatic  conditions. 
Heavy  clay  soils  may  contain  1  per  cent  or  more  of  potash, 
and  in  light  soils  the  figure  may  fall  to  0-1  per  cent  or  less. 
Hall  and  Russell’s  data  for  the  south-east  of  England  show 
that,  roughly  speaking,  the  percentage  of  potash  is  about 
one-tenth  that  of  the  alumina,  which  in  turn  is  about  one-third 
that  of  the  clay. 


Other  Mineral  Elements.  The  plant  contains  a  large 
variety  of  elements  other  than  those  which  are  commonly 
applied  as  fertilizers.  'Silicon  is  an  invariable  constituent  of 
plants  grown  in  soils,  and  investigations  at  Rothamsted  and 
elsewhere  show  that  soluble  silicate  has  an  effect  in  cases 


of  phosphate  deficiency.  Either  the  silicon  in  some  way 
functions  in  the  place  of  phosphorus  or,  what  is  more  probable, 
the  silicate  by  some  means  facilitates  the  uptake  of  phos¬ 
phorus  compounds.  The  significance  of  boron  in  connection 
with  leguminous  plants  has  been  mentioned  on  page  4. 

In  the  course  of  this  arresting  research  at  Rothamsted  it  has 
been  shown  that  boron  is  necessary  for  the  effective  symbiosis 
of  the  Rhizobium  organisms  and  the  plant.  Sodium  is  a 
universal  constituent  of  soil-grown  plants  and,  directly  or 
indirectly,  can  replace  potassium  to  a  certain  extent  On 
the  continuous  mangold  plots  at  Rothamsted  the  effect  of 
sodium  nitrate  alone  is  much  greater  than  the  effect  of 
ammonium  salts  alone,  and  is  about  equal  to  the  effect  of 
ammonium  salts  together  with  potassium  salts.  Moreover 
the  addition  of  potassium  salts  to  the  plots  receiving  sodium 
nitrate  does  not  effect  any  appreciable  increase  !n  yieH 

exchanged  *  a  ^quence  of  a  base 

xchange  in  which  sodium  replaces  potassium,  bringing  it 

Snt  IUs  a?sd  theren  rTiermg  *  m°re  aVailable  t0 
plant.  It  ,s  also  possible  that  sodium  can  perform  some  of 
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the  duties  of  potassium  in  the  processes  of  plant  physiology, 
and  there  are  other  complicated  possibilities  arising  from  the 
effect  of  sodium  salts  upon  the  permeability  of  plant  mem¬ 
branes.  Iron  in  small  quantities  is  in  some  way  or  other 
involved  in  the  formation  of  chlorophyll  and  a  state  of 
chlorosis  in  which  the  leaves  are  yellow  or  even  white  may 
obtain  where  iron  is  not  available,  and  may  be  rectified  in 
some  instances  by  the  addition  of  iron  salts.  The  lack  of 
iron  is  undoubtedly  one  factor  in  the  incidence  of  chlorosis, 
but  the  phenomenon  is  probably  more  complicated  than  that. 
Although  iron  is  required  for  the  making  of  chlorophyll,  it 
does  not  appear  to  enter  into  the  composition  of  chlorophyll. 
Magnesium  is  also  essential  for  the  formation  of  chlorophyll 
and  is  a  constituent  of  it,  the  ash  of  chlorophyll  being  mag¬ 
nesium  oxide.  Copper  normally  occurs  in  soil-grown  plants, 
and  may  have  a  marked  effect  upon  the  species  which  are 
developed  on  grassland.  Copper  telegraph  wires  running 
across  grassland  sometimes  have  a  curious  effect  upon  the 
herbage  immediately  under  them.  The  difference  in  colour 
between  the  area  under  the  wires  and  the  outside  area  is 
sometimes  apparent  from  a  long  distance.  Clover  appears 
in  flower  under  the  wires  when  there  is  no  sign  of  a  clover 
flower  elsewhere,  and  where  daisies  are  abundant  in  the 
field  they  are  sometimes  not  to  be  seen  in  the  strip  under 
the  wires.  Other  plants  are  affected  and  the  strip  under  the 
wires  develops  bare  patches  in  the  course  of  time.  It  must 
be  remembered  that  rain-water  falling  from  the  wires  falls 
upon  the  leaves  and  vegetative  parts,  and  may  possibly 
produce  effects  in  that  way  quite  different  from  those  which 
follow  the  intake  of  copper  by  the  root  hairs.  Aluminium, 
manganese,  chlorine,  sulphur,  titanium,  are  frequent  con¬ 
stituents  of  plants,  and  some  at  least  of  them  are  essential 
constituents. 


Chapter  6 


THE  AVAILABILITY  OF  PLANT  FOOD: 

SOIL  ANALYSIS 

THE  AVAILABILITY  OF  PLANT  FOOD 

It  has  long  been  known  that  the  total  quantities  of  phos¬ 
phorus  and  potassium  (and  presumably  other  mineral 
elements)  existing  in  the  soil,  bear  little  relationship  to  the 
response  of  crops  to  further  additions.  Two  soils,  similarly 
situated,  may  contain  different  amounts  of  phosphate  and 
potash,  and  the  crops  growing  in  the  soil  containing  the 
larger  amounts  may  respond  to  further  additions,  while  those 
growing  in  what  appears  to  be  the  poorer  soil  may  be  quite 
satisfactory  and  show  no  response  to  further  additions.  In 
two  adjacent  fields,  the  respective  amounts  of  P206  were 
found  to  be  0-15  per  cent  and  0*12  per  cent,  although  root 
crops  responded  to  the  phosphatic  fertilizers  applied  to  the 
first  and  not  to  the  second. 

The  impossibility  of  drawing  straightforward  conclusions 
in  a  simple  way  about  the  mineral  requirements  of  soil  from 
analytical  data  was  realized  long  ago,  and  Daubeny  at  Oxford 
suggested  that  some  part  of  the  mineral  plant  food  was  active 
and  another  part  dormant.  The  soil  containing  the  greater 
total  amount  might  have  a  smaller  percentage  of  active  plant 
food,  while  a  soil  containing  a  lesser  amount  might  have  a 
larger  amount  in  the  active  form.  It  is  not  necessary  to 
suppose,  and  it  is  hardly  likely  to  be  true,  that  the  phosphate, 
for  example,  in  a  soil  exists  in  two  distinct  chemical  and 
physical  forms,  one  of  which  can  be  used  by  the  plant,  and 
the  other  of  which  cannot.  In  one  soil  the  phosphate,  etc., 
may  be  able  to  enter  the  plant  readily  and  in  another  soil 
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conditions  may  deter  an  adequate  rate  of  uptake.  The  terms 
“  active  ”  and  “  dormant  ”  have  become  replaced  by  “  avail¬ 
able  ”  and  “  unavailable  ”,  and  in  considering  mineral  plant 
food  in  soils,  soil  chemists  are  concerned  not  only  with  the 
total  quantity  but  with  its  availability.  A  classical  research 
into  the  problem  of  availability  was  carried  out  by  Bernard 
Dyer  at  Rothamsted.  At  that  time  it  was  supposed  that 
the  root  hairs  of  plants  excreted  organic  acids  which  attacked 
the  soil  particles  in  their  immediate  environment  and  rendered 
phosphate,  etc.,  soluble  and  more  easily  obtainable  by  the 
plant.  On  this  assumption  Dyer  extracted  the  sap  from  the 
root  cells  of  many  common  agricultural  plants  and  titrated 
them  with  alkali.  On  the  basis  of  the  titre  he  found  that 
a  1  per  cent  solution  of  citric  acid  has  the  same  acidity  as 
the  sap  of  the  roots  of  most  of  the  common  crops.  Thereafter 
he  propounded  a  method  for  extracting  soils  with  a  1  per  cent 
citric  acid  solution  and  estimating  the  potash  and  phosphate 
dissolved.  The  figures  obtained  were  very  much  more  in 
accordance  with  the  facts  observed  in  the  field.  The  two  soils 
mentioned  above  containing  0-15  per  cent  and  0-12  per  cent 
of  P<j06  showed  respectively  0*0049  per  cent  and  0*0205  per 
cent  soluble  in  citric  acid  under  the  conditions  of  the  experi¬ 
ment.  The  soil  containing  25  per  cent  more  total  phosphate 
than  the  other  contained  only  about  a  quarter  of  the  “  avail¬ 
able  ”  phosphate.  Although  plant  physiologists  appear  to 
have  abandoned  the  view  that  organic  acids  are  excreted  by 
plant  roots,  Dyer’s  method  is  still  in  very  general  and  success¬ 
ful  use.  In  many  laboratories  citric  acid  has  been  replaced 
by  some  other  acid,  but  extraction  with  dilute  acid  is  prac¬ 
tically  the  only  analytical  means  at  present  at  our  disposal 
for  attempting  to  estimate  the  availability  of  phosphate. 

There  are  other  possibilities  of  dealing  with  potassium  since 
it  seems  fairly  clear  that  available  potassium  is  entirely  com¬ 
prised  in  the  replaceable  potassium.  Ramann  used  the 
amount  of  potassium  replaced  in  the  neutral  salt  action  as  a 
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measure  of  the  available  potassium,  and  that  method  may 
yet  be  developed,  although  it  is  quite  possible  that  even  the 
absolute  amount  of  replaceable'  potassium  may  have  to  be 
considered  in  conjunction  with  its  ratio  to  other  active  cations. 


The  Intake  of  Soil  Constituents  by  Plants 


The  Soil  Solution.  A  proper  understanding  of  avail¬ 
ability  is  clearly  dependent  upon  a  true  conception  of  the 
mechanism  whereby  plant  food  .in  the  soil  enters  the  plant. 
This  is  still  a  little  obscure. 

There  appear  to  be  three  possibilities  which  may  be  briefly 
discussed  :  (1)  Solutes  already  in  true  solution  in  the  soil 
water  diffuse  into  the  root-hair  cells.  (2)  The  plant  brings 
soil  constituents  into  solution.  (3)  Colloids  as  well  as  true 
solutes  enter  the  root  hairs. 


1.  Among  botanists  and  soil  chemists  the  usual  and 
‘  orthodox  ”  views  have  until  recently  involved  only  the  first 
of  these  possibilities.  The  others  were  not  altogether  denied 
as  possibilities,  but  it  was  held  that  the  first  is  the  most 
obvious  and  natural  assumption,  and  is  adequate  to  explain 
the  facts.  The  plant  growing  in  soil  is  regarded  as  being  in 
much  the  same  position  as  the  plant  growing  in  a  culture 
solution,  except  that  in  the  soil  the  solution  is  spread  over  a 
lot  of  particles  instead  of  being  contained  in  a  bottle.  Whether 
that  is  the  whole  story  or  not  it  is  clear  that  absorption  from 
solution  must  play  a  prominent  part  in  plant  nutrition 
Nitrate,  for  example,  only  exists  in  solution  in  the  soil. 

Attempts  have  been  made  to  remove  the  soil  solution  from 
the  soil  and  examine  it  separately  in  bulk.  Two  general 
methods  have  been  used  :  (1)  eliminating  the  solution  by  the 
application  of  high  pressure  ;  (2)  replacing  the  solution  by 

l  n  ,Tf  16  3  13  teken  from  ‘he  results  of  Sard 

and  Martin  in  California  and  will  give  some  idea  of  the  order 

tL  soiiam  iTeVf  ;°1Ute3  frf  W  the  Wato  *****  trom 
the  soil.  The  solution  is  clearly  very  dilute,  particularly  in 
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respect  of  potash  and  phosphate.  This  Californian  work 
indicates,  however,  that  such  low  concentrations  of  phosphate, 
etc.,  are  adequate  to  feed  plants  provided  the  amounts 
removed  by  plants  are  rapidly  replaced  during  that  stage  of 
growth  in  which  the  particular  nutrients  are  required.  The 
soil  particle  evidently  has  the  power  of  giving  up  phosphate 
and  potash  very  rapidly  to  the  solution  around  it,  for  if  the 
moisture  content  of  a  soil  is  increased  by  adding  pure  water, 
the  concentrations  of  phosphate  and  potash  are  not  diminished 
in  proportion  to  the  amount  of  water  added ;  the  soil  gives 

Table  3 

Average  Composition  of  Displaced  Solutions  from  Cropped  (-4)  and 

Fallowed  ( B )  Soils  after  8  Years 

(Bum  and  Martin,  Soil  Science,  Vol.  18) 


Soils. 

Moisture. 

Negative  Ions. 
Milliequivalents. 

Positive  Ions. 
Milliequivalents. 

Total 

Ions. 

Milli¬ 

equiva¬ 

lents. 

NO, 

HCO, 

Cl 

SO, 

PO, 

SiO, 

Ca 

Mg 

Na 

K 

A 

B 

Per 

cent 

12-6 

16-3 

3-72 

29-56 

1-84 

1-02 

1-44 

12-53 

9-66 

0-08 

0-07 

1-61 

1-48 

10-14 

27-88 

7-10 

10-99 

1- 84 

2- 77 

0-68 

1-61 

39-54 

86-49 

up  more  of  them  in  response  to  the  addition  of  water.  The 
concentration  of  nitrate,  which  only  exists  in  the  solution,  is 
naturally  diminished  in  proportion  to  the  amount  of  water  added. 

The  other  possibilities  cannot,  however,  be  ruled  out. 

2.  Although  plant  physiologists  have  abandoned  the  old 
view  that  root  cells  excrete  their  contents  into  the  soil,  it  is 
still  possible  for  the  root  hairs  to  “  attack  ”  the  soil  particles. 
As  the  root  hairs  grow  among  soil  particles,  they  develop  a 
mucilaginous  colloidal  surface  which  merges  with  the  colloids 
of  the  soil-crumb  so  that  the  soil  and  the  plant  become  irre¬ 
vocably  attached,  forming  one  system.  The  soil  particles 
can  never  be  detached  from  the  root  hairs  without  tearing 
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them.  The  root  hairs  do  not  just  dip  into  the  soil  solution  : 
they  are  united  with  the  particles.  It  is  therefore  possible 
for  the  organic  colloids  and  solutes  of  the  root  hairs  to  with¬ 
draw  mineral  constituents  from  the  soil.  The  uptake  of  iron, 
etc.,  by  plants  from  alkaline  soils  and  by  lichens,  etc.,  from 
limestones  may  be  a  consequence  of  this  type  of  action. 
Mineral  phosphates  appear  to  have  colloidal  properties  not 
unlike  those  of  soils,  and  their  service  to  the  plhnt  may  very 
well  be  due  in  part  to  the  union  between  them  and  the  root 
hairs.  The  effect  of  basic  slag  on  wild  white  clover,  for 
example,  may  be  due,  not  so  much  to  the  dissolution  of  the 
phosphate  and  its  dissemination  throughout  the  soil  solution, 
as  to  the  presence  among  the  soil  particles  of  additional  and 
phosphatic  colloidal  particles  with  which  the  root  hairs  make 
their  union  and  which  they  attack. 

Jenny  and  Overstreet,  of  California,  have  shown  that  ion 
exchange  between  plant  colloids  and  soil  colloids  is  quite 
possible. 

3.  The  difference  in  the  respective  powers  of  diffusion  of 
colloids  and  crystalloids  is  a  matter  of  degree.  Moreover,  there 
are  some  indications  that  bodies  in  the  colloidal  state  can  pass 
a  protoplasmic  membrane.  The  possibility  that  plants  can 
take  in  some  of  the  soil  colloids  must  therefore  not  be  rejected. 

SOIL  ANALYSIS 

The  Laboratory  Examination  of  Soils.  Sufficient  has 

been  said  in  earlier  chapters  to  show  that  the  interpretation 

of  the  results  of  soil  analysis  is  for  the  most  part  very  obscure. 

Nevertheless,  it  is  possible  to  obtain  some  information  in  the 

laboratory  as  to  the  possible  response  of  a  soil  to  a  particular 
treatment. 

Mechanical  analysis  considered  in  conjunction  with  the 
.  6  statius;  humus  content  and  water  conditions  is  of  value 

in  considering  treatment  to  meet  difficulties  of  texture  and 
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tilth.  It  sometimes  enables  the  agriculturist  to  say  whether 
the  difficulties  in  question  are  inherent  in  the  soil  itself  or 
arise  from  external  influences  such  as  situation  and  climate. 
The  mechanical  composition  is  an  important  factor  in  deciding 
whether  heavy  land  shall  be  laid  down  to  grass  or  whether 
liming  and  careful  management  may  admit  of  its  being  retained 
under  arable  cultivation. 

The  chemical  analysis  of  soils  is  of  more  value  in  some 
problems  than  in  others.  The  usefulness  of  the  lime  require¬ 
ment  methods  in  deciding  whether  the  lime  status  of  the  soil 
is  adequate  for  the  proposed  crops  has  been  discussed  (p.  51). 
The  value  of  determining  the  “  available  ”  phosphate  and 
potash  by  extraction  with  dilute  acid  is  perhaps  a  little  less. 

Laboratory  methods  of  examining  soils  are  still  to  some 
extent  in  the  experimental  stage,  and  the  application  of  their 
results  to  agricultural  problems  is  still  more  so.  The  general 
tendency  at  the  present  day  is  to  endeavour  to  accumulate 
as  much  data  as  possible  about  the  correlation  of  the  laboratory 
results  with  experience  in  the  field,  and  by  surveying  and 
mapping  the  soils  to  seek  some  knowledge  which  will  enable 
one  to  connect  any  particular  soil  that  comes  under  considera¬ 
tion  with  a  similar  and  similarly  situated  soil  about  which  the 
relation  of  response  in  the  field  to  laboratory  results  is  known. 

The  Use  of  the  Plant  in  Determining  Manurial 
Requirements.  When  it  was  first  realized  that  the  chemical 
analysis  of  soils  gave  results  that  could  not  be  interpreted 
in  any  simple  way,  some  attention  was  given  to  the  possi¬ 
bility  of  making  use  of  plants  grown  in  the  soils  in  question. 
Two  methods  have  been  developed  in  Germany. 

Neubauer’s  Seedling  Method.  In  this  method  the  soil  is 
mixed  with  pure  sand,  and  rye  seedlings  are  grown  for  seven¬ 
teen  days  from  the  date  of  sowing.  On  the  eighteenth  day 
the  shoots  are  removed  and  the  percentage  of  potash  and 
phosphate  in  the  ash  is  determined.  It  is  claimed  that 
unless  these  percentages  reach  values  of  the  order  of  0-025  pei 
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cent  K20  and  0-006  per  cent  P206,  there  is  an  insufficiency  of 
available  potash  or  phosphate  in  the  soil  to  produce  a 
maximum  crop. 

Mitscherlich' s  Pot-Culture  Method.  Another  method  also 
extensively  used  in  Germany  is  based  upon  the  view,  which 
Mitscherlich  holds  on  the  basis  of  evidence  of  pot  experiments, 
that  the  amount  of  any  given  manurial  constituent  which  is 
required  to  produce  a  maximum  crop  is  independent  of  the 
amounts  of  the  other  constituents  present.  For  example,  if 
a  soil  contains  adequate  amounts  of  phosphate  and  nitrogen 
but  is  poor  in  potash,  increasing  applications  of  potash  will 
produce  increased  growth  up  to  a  certain  maximum.  If  the 
amounts  of  phosphate  and  nitrogen  had  been  inadequate, 
increasing  applications  of  potash  would  still  have  produced 
increases  in  crop  growth  up  to  a  certain  maximum.  That 
maximum  would  be  less  than  when  phosphate  and  nitrogen 
supplies  are  adequate,  but  the  amount  of  potash  required  to 
produce  it  would,  according  to  Mitscherlich,  be  the  same. 
On  this  assumption  it  is  possible  by  pot  experiments  in  which 
there  are  four  units,  one  with  an  adequate  supply  of  potash, 
phosphate  and  nitrogen,  and  three  others  in  which  each  of 
these  manurial  constituents  is  omitted  in  turn,  to  compute 
the  manurial  requirements  of  a  soil. 


The  validity  of  both  the  Neubauer  and  Mitscherlich  methods 
is  the  subject  of  very  considerable  discussion. 

Aspergillus  niger  Method.  Another  biological  method  which 
is  coming  into  use  for  determining  the  potassium  status  of 
a  soil  depends  upon  the  growth  made  by  Aspergillus  nicer 
m  a  nutrient  solution  from  which  potassium  is  omitted  and 
to  Wh.ch  a  definite  quantity  of  the  soil  in  question  is  added. 
The  mycelium  is  dependent  upon  the  soil  for  its  potash,  and 
the  increase  in  weight  that  it  makes  when  incubated  under 

fvad  M  °°fndltl0ns  ,«lves  some  guide  to  the  amount  of 
available  potassium  in  the  soil.  The  method  may  also  be 

used  to  examine  the  phosphate  status  of  a  soil. 
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Chapter  7 


FIELD  AND  POT  EXPERIMENTS 

Single -Plot  Experiments.  When  attempts  were  first 
made  to  get  exact  information  about  the  results  of  soil  treat¬ 
ment  the  obvious  thing  was  done.  Two  areas  were  marked 
out ;  one  received  the  treatment  in  question,  and  the  other 
did  not,  and  the  quality  and  yield  of  the  crops  from  the 
two  areas  were  compared.  Many  of  these  experiments  have 
confirmed  former  tradition  and  many  of  them  have  initiated 
new  practices.  There  are  some  of  these  experiments  the 
results  of  which  are  evident  beyond  dispute  :  there  are  others 
in  which  the  results  have  been  doubtful,  varying  from  place 
to  place  and  from  year  to  year.  When,  for  example,  the 
yield  on  the  treated  plot  is  consistently  something  of  the 
order  of  50  per  cent  greater  than  that  from  the  untreated 
plot  and  still  more  when  the  difference  is  visible  to  the  eye 
and  the  line  of  demarcation  between  the  plots  is  seen  in  the 
crop,  there  is  no  doubt  that  the  treatment  has  effected  an 
increase.  On  the  other  hand,  when  the  differences  are  small, 
say  5-10  per  cent,  and  no  visible  demarcation  between  the 
plots  is  seen  in  the  crop,  no  reliable  conclusions  can  be  drawn. 
Such  small  differences  may  very  well  arise  even  if  the  plots 
are  not  treated  differently,  for  the  lack  of  uniformity  in  the 
crop -producing  power  of  practically  all  soil  areas  is  con¬ 
siderable  and  much  greater  than  is  apparent  to  the  eye. 
It  appears  to  be  doubtful  whether  even  experienced  agricul¬ 
turists  can  detect  a  difference  of  15  per  cent  or  even  20  per  cent 
between  two  adjacent  corn  crops.  Choosing  uniform  land 
for  plot  experiments  is  therefore  not  as  easy  as  might  appear. 
Possibly  the  uniformity  of  ripening  of  a  crop  is  the  best 
criterion. 
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If  any  particular  soil  treatment  has  a  positive  effect  on  a 
crop  there  will  in  the  ideal  case  be  a  sudden  increase  in 
quantity  or  some  point  of  quality  as  one  passes  from  the 
untreated  to  the  treated  plot.  The  determination  of  that 
sudden  change  is  the  crucial  problem  in  deciding  qualitatively 
whether  the  treatment  has  or  has  not  an  effect.  The  student 
should  clearly  distinguish  between  the  two  extreme  cases 
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is  certam.  Result  indecisive 

Fig.  11. — Diagrammatio  Illustration  of  the  Two  Extremes  of  Results  of 

Single-Plot  Trials. 


illustrated  diagrammatically  in  Fig.  11,  in  one  of  which  an 
abrupt  change  is  obvious  and  in  the  other  of  which  that 
change  is  obscured  by  its  own  smallness  and  soil  variation. 
The  case  in  which  abrupt  change  is  obvious  is  straightforward 
qualitatively  and  is  not  usually  difficult  to  deal  with  quanti¬ 
tatively.  The  case  in  which  the  abrupt  change  is  small  and 
obscure  can  only  be  dealt  with — even  qualitatively — as  a 
probability  determined  by  replication  in  various  ways. 

Testing  the  Uniformity  of  Land.  Attempts  have  been 
made  to  overcome  this  difficulty  by  treating  the  two  plots 
similarly  for  a  year  or  two  before  initiating  the  experiment. 
Thus  on  the  Manor  Farm  at  Garforth  in  Yorkshire  there  was 
a  sen68  of  meadow  hay  plots,  differently  manured,  and  since 
9  2  one  half  of  each  plot  has  been  limed  and  the  other 
not.  For  three  years  before  the  liming  the  yields  of  hay 
from  the  two  halves  of  each  plot  were  recorded  and  the 
average  difference  between  them  is  allowed  for  in  estimating 
the  increase  due  to  liming.  Some  of  the  initial  differences 
between  the  two  halves  were  as  high  as  11  or  12  cwt.  per  acre. 

This  preliminary  testmg  of  the  ground  is  very  useful  but 
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unless  it  can  be  carried  on  for  a  number  of  years  it  may  not 
help  as  much  as  might  be  thought,  for  considerable  differences 
in  the  differences  are  sometimes  found  from  year  to  year. 

Replication  of  Plots.  The  replication  of  the  plots  in 
various  places  and  the  continuance  of  them  for  several  years 
may  admit  of  conclusions  being  drawn  where  that  would  be 
impossible  for  any  one  of  the  experiments  in  any  one  year, 
and  it  is  usual  in  laying  down  experiments  designed  to  test 
any  treatment  which  is  not  likely  to  give  an  overwhelming 
difference  to  replicate  the  plots.  This  replication  of  the 
plots,  however,  introduces  further  difficulties,  for  the  treat¬ 
ment  which  is  being  investigated  may  have  a  definite  and 
demonstrable  effect  in  one  place,  and  may  have  no  such 
effect  in  another.  For  example,  in  the  many  trials  of  various 
phosphates  and  slags  which  have  been  carried  out  in  this 
country  there  is  abundant  evidence  that  the  phosphate  has 
affected  the  crop  in  a  marked  manner  at  some  centres,  and 
not  at  others.  The  duplication  of  the  experiment  in  another 
place  does  not  therefore  necessarily  help  towards  a  decision 
as  to  the  effect  of  the  treatment  at  the  original  centre.  With 
sufficient  data  from  properly  replicated  experiments,  the 
statistician  may  be  able  to  state  the  probability  of  a  particular 
treatment  having  an  effect  on  some  untreated  land.  That, 
however,  is  a  different  and  a  less  useful  thing  than  being  able 
to  differentiate  between  those  areas  in  which  the  treatment 
is  likely  to  yield  positive  results,  and  those  areas  in  which 
it  is  not.  Such  information,  and  at  best  only  limited,  can 
only  be  expected  from  a  study  of  the  results  of  the  replicated 
experiments  taken  in  conjunction  with  a  study  of  the  type 
of  soil  involved. 

The  Half -Drill  Method.  A  method  of  replicating  plots 
on  one  field  and  which  is  mainly  of  use  in  comparing  two 
varieties  of  corn  is  illustrated  in  Fig.  12.  In  variety  trials 
the  seed  of  one  variety  is  put  in  one-half  of  the  drill-box  and 
the  seed  of  the  other  in  the  other  half.  While  this  method 
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involves  some  practical  harvesting  difficulties  it  has  great 
advantages  over  a  mere  replication  of  larger  plots.  It  is 


possible,  for  instance,  to  form  some  idea  of  the  soil  variations 
by  noting  any  regular  increases  and  decreases  along  the  series 
of  plots  of  the  same  variety  all  similarly  treated. 


Fig.  13.  The  *•  Interpolated  Standard  ”  Method  of  Plot  Experiment. 
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The  Use  of  an  Interpolated  Standard.  A  method  of 
arranging  plots  is  illustrated  in  Fig.  13,  which  is  useful  when 
there  is  evidence  of  a  regular  variation  of  the  soil  at  right 
angles  to  the  plots.  The  Plots,  Au  A2,  etc.,  are  replicates 
of  the  “  control  ”  plot — i.e.  the  untreated  plot  or  the  standard 
variety.  The  plots  a,  b,  c,  etc.,  represent  different  treatments 
or  varieties.  If  there  is  a  regular  soil  variation  in  the  direction 
of  the  arrow,  the  yield  of  a  control  plot  where  a  is  would  be 
A  —  A 

Ai  - v -  and  the  ratio  of  the  yield  of  a  with  that  of  a 

O 

control  plot  on  the  same  ground  is : 


3  a 

2  A  i  -f-  A  2 


This  method  has  been  used  for  variety  trials  in  Australia. 


Fra.  14. — The  Balanced-Row  Arrangement  of  Plots. 


The  Balanced-Plot  Method.  Fig.  14  illustrated  an 
arrangement  of  plots  in  triplicate.  The  feature  of  the  arrange¬ 
ment  is  that  the  distance  in  one  direction  of  one  of  three 
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similar  plots  from  the  middle  is  equal  to  the  sum  of  the 
distances  of  the  other  two  in  the  other  direction. 

The  Chessboard  Method  or  “Latin  Square.”  A 
device  introduced  many  years  ago  for  attempting  to  deal 
with  the  difficulties  of  soil  variation  is  illustrated  in  Fig.  15. 
In  the  illustration  four  different  treatments  or  varieties  are 
catered  for,  but  the  square  can  be  adapted  to  accommodate 
less  or  more.  The  four  plots  are  arranged  in  quadruplicate 
in  such  a  way  that  each  appears  once  in  each  vertical  series 
and  in  each  horizontal  series.  The  sum  of  the  yields  from 
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Fig.  15.  The  Chessboard  or  “  Latin  Square  ”  Arrangement  of  Plots. 

the  four  different  treatments  may  be  obtained  in  eight  different 
ways,  by  four  vertical  and  by  four  horizontal  additions.  If 
the  land  were  perfectly  uniform  and  the  experiment  entirely 
devoid  of  errors,  these  eight  totals  would  be  identical 
In  practice  they  will  vary  and  the  application  of  simple  mathe¬ 
matical  considerations  to  the  extent  and  manner  of  the 
variation  admits  of  some  conclusions  being  drawn  about  the 
variation  in  the  land  and  a  correction  being  made  to  the 
observed  yields  in  each  of  the  sixteen  squares.  This  method 
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fell  into  disfavour  among  agriculturists  on  account  of  harvest- 
ing  difficulties,  but  has  been  resuscitated  in  recent  years. 

The  squares  can  be  arranged  in  a  very  large  number  of 
ways  to  fulfil  the  requirement  that  no  one  treatment  appears 
more  than  once  either  in  the  vertical  or  horizontal  series. 
The  usual  procedure  is  to  put  all  the  possible  arrangements 
on  cards  in  a  hat  and  by  drawing  out  one  thus  to  fix  the 
arrangement  used  by  chance. 

Randomized  Block  Method.  When  the  number  of 
treatments  to  be  tried  is  large  or  when  it  is  desirable  for  such 
treatments  to  be  replicated  several  times,  the  Latin  Square 
Method  becomes  cumbersome  and  the  Randomized  Block 
arrangement  may  then  be  used. 

In  this  method  the  experimental  area  is  divided  into  blocks 
of  equal  size  and  equal  in  number  to  the  number  of  replica¬ 
tions  to  be  used.  Each  block  is  then  subdivided  according 
to  the  number  of  treatments  under  trial  so  that  each  treat¬ 
ment  occurs  once  and  only  once  in  each  block.  The  actual 
position  of  a  particular  treatment  within  a  block  is  chosen 
at  random. 

For  instance,  suppose  five  different  “  treatments  ”  are  under 
trial  and  each  is  to  be  replicated  eight  times,  i.e.  40  plots  in 
all.  The  experimental  area  is  divided  into  eight  compact 
blocks.  Within  each  block  one  plot  will  be  assigned  at  random 
to  each  of  the  five  treatments.  If  the  treatments  are  lettered 
A  to  E  a  possible  lay-out  would  be  as  shown  in  Fig.  16. 

The  advantage  of  this  method  is  that  a  high  degree  of 
replication  can  be  obtained  and  it  is  easy  to  distinguish 
variations  between  blocks  due  to  soil  variations  from  those 
within  a  block  due  to  different  treatment.  On  uniform  land 
the  totals  of  the  various  blocks  will  be  comparable  as  each 
block  contains  one  plot  of  each  treatment.  Differences 
between  the  block  totals  can  be  ascribed  to  soil  heterogeneity 
and  these  variations  can  be  eliminated  from  the  variations 
due  to  treatment. 
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The  proper  control  of  field  experiments  in  which  relatively 
small  differences  of  yield  obtain  is  a  much  more  intricate 


c 

E 

A 

B 

D 

A 

E 

B 

C 

I) 

B 

A 

D 

E 

C 

C 

E 

D 

A 

B 

A 

B 

E 

C 

B 

D 

E 

A 

C 

B 

C 

A 

B 

D 

E 

A 

C 

E 

D 

B 

Fia.  16. — Randomized  Block  Method. 


matter  than  was  until  recently  supposed,  and  in  designing 
an  experiment  of  any  importance  it  is  advisable  for  the 
agriculturist  to  consult  the  statistician. 

Pot  Experiments.  The  difficulties  consequent  upon  the 
lack  of  uniformity  of  soil  conditions  may  be  very  largely 
overcome  by  carrying  out  experiments  with  small  quantities 
of  soil  in  suitable  pots  after  previously  thoroughly  mixing 
all  the  soil  involved  in  the  experiment.  Pot  experiments, 
however,  are  not  so  simple  as  is  frequently  supposed.  While 
the  soil  used  may  be  made  uniform  by  artificial  mixing,  the 
difficulty  of  filling  several  pots  so  that  the  state  of  compact¬ 
ness  will  be  the  same  in  all  is  very  great.  This  difficulty  can 
be  partly  overcome  by  mixing  with  sand.  It  is  not  usual 
to  obtain  any  satisfactory  conclusions  from  pot  experiments 
in  which  small  differences  are  involved  unless  the  experiment 
is  carried  out  at  least  in  quadruplicate.  Moreover,  the 
conditions  under  which  the  soil  is  held  are  artificial  and  the 
important  connection  with  other  soil  round  it  and  subsoil 
and  rock  below  it  is  broken. 
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Useful  results  can,  however,  be  obtained  by  carefully 
conducted  pot  experiments,  but  they  frequently  involve 
more  trouble  than  many  field  experiments,  and  it  is  not 
always  possible  to  transfer  the  results  obtained  to  practical 
circumstances. 


SECTION  B— SOILS 


Chapter  8 

THE  FORMATION  OF  SOILS 
The  Soil  Profile 

It  was  pointed  out  in  the  Introduction  to  Part  I  (p.  4) 
that  a  soil  is  a  heterogeneous  structure  and  that  the  soil  profile 
may  have  a  number  of  horizons  which  are  sometimes  sharply 
differentiated. 

In  this  country,  for  example,  there  are  certain  soils  in  which 
the  surface  consists  mostly  of  partly  decomposed  organic 
matter  which  is  definitely  acid.  Beneath  this  horizon  there 
is  another  consisting  for  the  most  part  of  sand.  Below  this 
there  may  be  one  or  more  horizons  largely  made  up  of  either 
organic  matter  or  sesquioxides,  or  both.  Other  soils  in  this 
country  do  not  show  this  well-defined  differentiation  of 
horizons,  but  chemical  analysis  reveals  the  fact  that  the 
percentage  of  sesquioxides  increases  with  depth.  In  some 
parts  of  the  Continent,  in  the  plains  of  Hungary  for  example, 
there  are  soils  which  are  quite  alkaline  and  in  some  of  which 
the  surface  is  largely  depleted  of  humic  matter  which  has 
accumulated  a  foot  or  two  below  the  surface.  In  certain 
parts  of  Russia  the  soils  are  very  black  on  account  of  the 
accumulation  of  partly  decomposed  organic  matter ;  these 
soils  are  alkaline  and  contain  calcium  salts  which  are  some¬ 
times  to  be  seen  in  layers.  In  some  parts  of  the  Tropics 
the  surface  soils  are  very  red  and  it  is  found  that  iron  and 
aluminium  oxides  are  the  characteristic  constituents. 

<t  Jhe  stud?  of  the  8oil  Profile  is  the  science  now  designated 

Pedology  ”,  and  this  chapter  is  devoted  to  a  consideration 
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of  the  pedogenic  processes,  i.e.  the  processes  involved  in  the 
formation  of  the  profile. 

The  Constituents  of  Soil.  It  will  be  clear  from  Chapter  1 
that  the  constituents  of  all  soils  may  be  grouped  under  four 
headings,  namely : 

(1)  The  strong  bases — soda,  potash,  lime,  and  magnesia. 

(2)  The  sesquioxides. 

(3)  Silica. 

(4)  Organic  matter. 

As  the  weathering  of  igneous  rocks  goes  on,  the  particular 
ways  in  which  the  constituents  in  these  four  different  groups 
were  originally  combined  in  minerals,  etc.,  become  less  and 
less  important,  and  under  similar  conditions  and  influences 
the  same  type  of  profile  will  develop  even  though  the  original 
rock  materials  might  be  geologically  very  different.  The 
type  of  profile  formed  is  not  so  much  determined  by  the 
way  in  which  these  groups  of  soil  constituents  were  related 
originally  but  on  what  happens  to  them  as  the  processes  of 
weathering  go  on.  The  sedimentary  rocks  will  have  an 
influence  on  the  physical  properties  of  the  profile,  but  other¬ 
wise  the  pedogenic  processes  are  determined  by  climate  and 
not  by  the  rock. 

Influence  of  Water  and  Temperature.  The  pedogenic 
processes  are  largely  determined  by  water  and  temperature. 
The  following  are  a  few  illustrations  of  the  ways  in  which 
different  water  and  temperature  conditions  can  affect  each 
of  the  four  groups  of  soil-forming  constituents  under  virgin 
conditions :  the  effects  of  cultivation  will  be  mentioned 

later.  • 

(a)  Strong  Bases.  Under  conditions  of  moderate  and  heavy 
rainfall  the  strong  bases  which  are  chemically  split  off  during 
weathering  will  form  salts  and  to  a  greater  or  lesser  extent 
be  carried  down  in  the  drainage  water.  When  the  rainfall 
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is  not  very  high  and  when  it  is  confined  largely  to  the  winter 
and  spring  only,  the  potassium  and  sodium  salts  may  be 
leached,  the  calcium  and  magnesium  salts  remaining  largely 
unaffected.  Under  heavier  rainfall  the  calcium  and  mag¬ 
nesium  may  be  leached  as  well.  Under  conditions  of  a  low 
rainfall  and  high  temperature  when  the  potential  evaporation 
will  exceed  the  rainfall,  the  salts  of  the  alkali  metals  and  of 
the  alkaline  earths  are  not  removed  and  accumulate  in  the 
soil. 

(6)  Organic  Matter.  If  there  is  a  fair  rainfall  in  the  early 
part  of  the  year  followed  by  a  long  summer  drought,  the 
result  will  be  a  fairly  prolific  growth  of  natural  vegetation 
which  will  only  partially  decompose  because  of  the  absence 
of  moisture  in  the  summer  months.  There  will,  therefore, 
be  an  accumulation  of  black  organic  matter.  Under  con¬ 
ditions  of  high  rainfall  in  which  the  strong  bases  are  removed, 
as  explained  in  the  previous  paragraph,  the  soils  tend  to 
become  acid  and  organic  matter  accumulates  in  a  peaty 
condition.  If  there  is  a  fairly  prolific  rainfall  and  a  high 
temperature  there  may  be  considerable  growth  of  vegetation 
but  little  accumulation  of  organic  matter  in  the  soil  because 
the  conditions  are  conducive  to  its  rapid  oxidation. 

(c)  Ihe  Weak  Bases.  Iron  and  aluminium  hydroxides  are 
not  so  much  affected  by  weathering  as  the  other  soil  con¬ 
stituents.  The  extent  to  which  they  characterize  certain 
soils  is  due  to  the  removal  of  the  other  constituents.  There 
may,  however,  be  a  leaching  of  these  hydroxides  when  a  soil 
becomes  acid :  in  these  circumstances  the  acid  humus  can 

effect  the  removal  of  the  sesquioxides  and  their  deposition 
at  a  lower  layer. 

{d)  Silica.  Silica  may  sometimes  be  removed,  particularly 
under  moist  tropical  conditions. 

Theforegomg  is  by  no  means  an  exhaustive  statement  of 
he  different  influences  of  water  and  temperature.  These 
are  illustrations  of  the  fact  that  the  disposition  of  each  group 
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of  constituents  is  determined  almost  entirely  by  the  amount 
and  distribution  of  the  rainfall  and  the  temperature. 

The  Chief  Water -Temperature  Conditions.  The 

segregation  of  the  bases  from  their  original  compounds 
(p.  9)  is  common  to  all  soil-formation  processes.  These 
processes  fall  into  two  groups,  those  from  which  air  is  excluded 
and  the  conditions  are  anaerobic,  and  those  in  which  aeration 
is  effective  and  aerobic  activities  take  place.  Anaerbbic 
conditions  prevail  in  waterlogged  areas,  and  the  consequent 
depression  of  bacterial  activity  gives  rise  to  an  accumulation 
of  organic  matter  which  becomes  dominant  and  imposes  its 
characteristics  upon  the  final  product.  Under  these  con¬ 
ditions  the  Acid  Humus  soils  are  formed. 

The  soil  formation  processes  which  take  place  under  aerobic 
conditions  fall  into  three  broad  groups  which  are  determined 
by  : 

(a)  Arid  conditions  ; 

( b )  Moist  tropical  conditions  ; 

(c)  Cool  humid  conditions. 

Under  arid  conditions  where  the  potential  evaporation 
exceeds  the  rainfall,  the  facilities  for  the  leaching  of  soluble 
material  are  at  a  minimum,  the  bases  which  are  split  off  during 
weathering  tend  to  accumulate,  remaining  in  the  soil  as  salts 
and  also  in  association  with  soil  colloids  (p.  19).  In  some 
arid  areas  this  state  of  affairs  is  accentuated  by  the  deposition 
of  salts  by  bygone  lakes. 

Under  some  arid  conditions  both  the  alkalis  and  alkaline 
earths  accumulate,  giving  rise  to  the  Saline  and  Alkali  soils. 
These  soils  fall  into  two  groups,  some  containing  alkali 
carbonates  known  as  Solonetz  soils,  and  others  containing 
mostly  neutral  salts  which  are  known  as  Solonschak  soils. 
An  important  development  of  the  soil-forming  process  is 
involved  in  the  solonetz  on  account  of  the  tendency  of  the 
alkaline  carbonates  to  dissolve  the  humus  and  carry  it  down 
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to  a  lower  layer.  This  lower  humus-containing  layer  con¬ 
tracts  on  drying  out,  presenting  a  sort  of  columnar  structure. 

Under  other  arid  conditions  the  alkali  bases  are  for  the 
most  part  removed  from  the  surface  soil  and  the  alkaline 
earth  bases  accumulate,  mainly  as  carbonates.  Under  semi- 
arid  conditions  which  admit  of  considerable  growth  during 
the  early  and  wetter  part  of  the  year  but  which  do  not  admit 
of  the  rapid  decay  of  the  organic  matter  in  the  succeeding 
drought,  organic  matter  accumulates  forming  the  black  earths 
of  Tchernozem  soils.  Under  somewhat  more  intensely  arid 
conditions,  the  lack  of  moisture  does  not  admit  of  much 
organic  growth  and  the  Chestnut-coloured  Earths  are  formed 
which  are  very  deficient  in  organic  matter. 

Under  moist  tropical  conditions,  red  Laterite  soils  are 
formed.  These  are  rich  in  sesquioxides  and  the  mechanism 
of  their  formation  has  been  much  discussed.  Some  students 
consider  them  to  be  formed  by  a  rapid  decomposition  of 
mineral  matter  and  the  formation  of  alkaline  carbonates 
which  dissolve  much  of  the  silica.  Others  consider  that  the 
iron  and  alumina  have  been  at  one  time  deposited  in  a  lower 
layer  and  that  the  overlying  material  has  subsequently  been 
eroded:  certainly  some  red  soils  seem  to  be  formed  this 
way  since  some  of  the  overlying  material  still  remains  here 
and  there.  Another  view  is  that  some  laterites  were  not 
formed  under  the  existing  conditions  in  which  they  are  now 
found  but  that  in  a  bygone  waterlogged  condition  they 
were  deposited  on  the  surface  in  the  sort  of  way  that  bog 

ir]??  °re  Is  formed-  These  and  possibly  other  theories  may 
all  have  their  just  claims,  for  it  is  unlikely  that  all  the  laterites 
were  formed  by  the  same  process. 

Under  cool  humid  conditions  such  as  prevail  in  Great 
ntam  bases  are  leached,  organic  matter  is  partially  decom- 

LTofTh  pr°dU!f3  °f  th'S  deposition  effect  the  leach¬ 
ing  of  the  sesquioxides.  These  sesquioxides  may  be  distri¬ 
buted  throughout  the  weathering  material,  giving  rise  to 


88 


THE  FORMATION  OF  SOILS 

what  are  known  as  Brown  Earths,  or  they  may  be  deposited 
at  a  lower  level,  leaving  a  bleached  layer  above  and  giving 
rise  to  Podsol  soils. 

Brown  Forest  soils  are  sometimes  alkaline  on  the  surface 
since  lime  is  taken  into  the  tree  at  considerable  depths  by 
the  roots  and  ultimately  becomes  deposited  on  the  surface 
by  the  fall  of  leaves. 

These  soil  formation  processes,  which  are  here  described 
only  in  the  briefest  outline,  are  summarized  on  page  97  seq. 

Changes  of  Profile 

A  soil  profile  may  change  in  course  of  time.  This  may 
happen  for  various  reasons,  of  which  the  following  are  the 
chief : 

(1)  The  Maturing  of  the  Profile.  It  is  obvious  that  the 
full  effect  of  climatic  influences  will  not  be  reached  until 
after  considerable  length  of  time.  In  the  meanwhile  the  soil 
is  described  as  “  immature  The  parent  material  will  still 
have  considerable  influence.  As  the  soil-forming  processes 
go  on,  however,  the  soil  will  gradually  become  “  mature  ”. 

(2)  Degradation.  The  climatic  conditions  of  a  particular 
area  may  change  in  the  course  of  long  periods  of  time,  and 
in  consequence  the  type  of  profile  may  be  changed.  There 
are  areas  in  which  black  soils  have  been  formed  under  con¬ 
ditions  of  spring  rainfall  followed  by  summer  drought.  The 
conditions  have  then  changed  in  the  course  of  time  to  those 
of  more  continuous  rainfall  and  lower  temperature  and  the 
type  of  profile  has  changed  in  consequence.  An  illustration 
of  this  is  mentioned  on  page  101.  When  a  soil  type  changes 
in  this  way  it  is  usually  said  to  be  degraded ,  although  this 
cannot  be  said  to  be  the  most  appropriate  description  of  the 
change. 

(3)  Truncation.  In  many  parts  of  the  world  there  is  a 
marked  removal  of  surface  soil  by  running  water  and  in 
some  places  by  wind.  The  extent  of  this  erosion,  particu 
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larly  in  the  tropics  and  sub-tropics,  can  be  enormous  and 
the  surface  horizons  may  sometimes  be  removed  entirely. 
The  profile  is  then  said  to  be  truncated. 

(4)  Cultivation.  Cultivation  generally  alters  very  con¬ 
siderably  the  kind  of  profile  that  would  be  formed  under 
virgin  conditions.  The  surface  soil  of  arable  land  is  more  or 
less  uniformly  mixed  and  the  subsoil  usually  becomes  more 
aerated.  A  natural  tendency  to  an  acid-reaction  can  be 
counteracted  by  liming.  There  will,  however,  still  be  a  soil 
profile  with  differentiations  below  the  plough  depth,  and  the 
cultivation  operations  are  merely  additional  factors,  above 
those  of  water  and  temperature,  which  determine  the  type 
of  profile. 


i.a.o. 
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THE  CLASSIFICATION  OF  SOILS 

The  fact  that  soils  differ  very  much  in  appearance,  texture 
and  cropping  power  is  obvious  enough,  but  a  generally  agreed 
scheme  of  classification  has  not  been  easy  to  find. 

In  spite  of  all  the  difficulties  attending  this  matter,  a  good 
deal  of  useful  work  has  been  done,  and  the  developments  in 
recent  years  indicate  that  greater  advances  will  be  made  in 
the  future.  It  will  be  useful,  in  considering  this  subject,  to 
discriminate  between  two  different  points  of  view.  Attempts 
have  been  made  to  classify  soils  and  to  prepare  soil  maps 
from  the  point  of  view  of  the  industry  of  farming,  and  in 
order  to  show  a  correlation  between  soil  and  the  agriculture 
associated  with  it.  Other  attempts  have  been  made  to 
classify  soils  regardless  altogether  of  any  industry  connected 
with  them,  and  neglecting  any  crops  that  grow  upon  them, 
except  in  so  far  as  native  vegetation  is  involved  in  the  making 
of  the  soil.  There  are,  therefore,  what  may  be  called  the 
agricultural  and  scientific  classifications  which  have  been 
attempted. 

THE  AGRICULTURAL  CLASSIFICATION  OF  SOILS 

The  two  important  bases  of  classification  which  have  been 
invoked  in  the  attempts  to  prepare  soil  maps  of  agricultural 
significance  are  the  geological  basis  and  the  physical  basis. 

1.  Geological  Classification.  In  so  far  as  the  structural 
basis  of  a  soil  is  formed  from  a  parent  rock,  it  would  at  first 
sight  appear  reasonable  to  suppose  that  different  geological 
formations  would  give  rise  to  different  types  of  soils,  and 
that  the  soil  map  would  be  largely,  if  not  entirely,  coincident 
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with  the  geological  map.  There  are  certain  areas  in  Great 
Britain  in  which  this  is  true  to  a  useful  extent :  the  classical 
survey  of  the  agriculture  and  soils  of  Sussex,  Surrey  and 
Kent  by  Hall  and  Russell  is  an  illustration  of  the  usefulness 
and  value  of  taking  the  geology  of  a  district  as  a  starting-point 
for  mapping  its  soils.  In  a  large  part  of  Yorkshire  geological 
boundaries  are  also  the  boundaries  between  different  types 
of  soil  and  of  farming,  and  it  is  of  practical  value  to  speak 
of  the  “  magnesian  limestone  soils  ”,  the  “  coal  measures  shale 
soils”,  the millstone  grit  soils”,  and  so  forth.  On  grass¬ 
land  it  is  possible  in  passing  from  the  Magnesian  Limestone 
soil  to  an  adjoining  Coal  Measures  soil  to  note  abrupt  changes 
in  the  herbage,  Brachypodium  and  Bromus  spp .  giving  place 
to  Agrostis  spp.  But  even  in  areas  where  the  geological 
distribution  of  soils  is  of  practical  use,  the  relation  of  soil 
properties  to  geology  is  by  no  means  perfect.  This  partly 
arises  from  the  fact  that  the  same  rock  under  different  weather 
conditions  will  give  rise  to  a  different  soil.  So  it  comes 
about  that  in  some  parts  of  Great  Britain,  the  geological 
classification  of  soils  is  very  useful,  while  in  other  countries, 
e.g.  Russia,  the  geological  classification  is  of  less  practical 
significance.  It  is  abundantly  clear,  however,  that  one  can¬ 
not  take  the  British  geological  map  as  it  stands  and  conclude 
that  areas  similarly  marked  on  it  are  covered  by  similar 
soils.  The  Pennine  district  of  West  Yorkshire  and  the  bog 
land  of  Central  Ireland  are  identical  on  the  geological  map. 

It  is  manifest  that  more  value  attaches  to  the  drift  map 
than  to  the  solids  maps,  but  the  drift  map  is  limited  in 
its  usefulness  because,  among  other  things,  the  geologist, 

even  in  making  his  drift  map,  pays  no  attention  to  the 
surface  soil. 

2.  Physical  Classification.  A  general  inspection  of 

soils,  apart  altogether  from  any  scientific  investigations, 

makes  it  quite  obvious  that  soils  can  be  grouped  under  three 
headings  : 
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(1)  Organic,  Humus,  or  Peat  soils,  in  which  the  organic 
matter  is  dominant  and  inflicts  its  properties  upon  the  soil. 
This  group  includes  (a)  acid  humus  soils  in  which  organic 
matter  has  accumulated  in  the  absence  of  calcium  carbonate, 
and  generally  in  the  absence  of  much  oxygen,  and  which  are 
usually  quite  acid,  and  (6)  fen  soils  in  which  the  organic 
matter  has  accumulated  in  the  presence  of  calcium  carbonate. 

(2)  Calcareous  soils,  formed  from  chalk  or  limestone. 

(3)  Mineral  soils. 

Calcareous  soils  may,  in  the  course  of  their  history,  pass 
into  the  third  group,  for  carbonate  is  continually  being 
removed  from  them  and  in  some  areas  is  entirely  absent 
from  the  surface  soil.  In  these  cases,  the  soils,  although 
formed  from  a  carbonate  rock,  are  now  composed  only  of 
the  other  material — the  “  impurity  ” — in  the  carbonate. 
The  mineral  soils  cover  by  far  the  greatest  area,  and,  as 
described  in  Chapter  5,  the  division  of  these  into  sands, 
loams  and  clays  has  been  developed  and  given  more  precision 
by  making  mechanical  analyses.  The  mechanical  analysis 
of  a  soil  has  probably  figured  more  than  any  other  factor 
in  the  efforts  which  have  been  made  to  classify  soils.  Whitney 
in  America  organized  an  extensive  survey  of  soils  on  the  basis 
of  their  mechanical  analyses,  and  in  this  country  mechanical 
analysis  has  been  used  in  the  surveys  of  the  south-eastern 
counties  by  Hall  and  Russell,  of  Shropshire  and  North  Wales 
by  Robinson,  and  elsewhere.  A  good  deal  has  been  accom¬ 
plished  in  correlating  the  mechanical  analyses  with  the 
cropping  of  soils. 

There  are,  however,  limitations  to  this  kind  of  work.  It 
is  not  possible  by  merely  looking  at  the  mechanical  analysis 
of  the  soil  to  say  with  absolute  certainty  that  it  is  suitable 
or  unsuitable  for  particular  crops.  Along  with  the  mechanical 
analysis  the  amount  of  organic  matter,  particularly  the 
humified  organic  matter,  must  be  taken  into  account  (see 
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p.  15)  and  the  lime  status  of  the  soil  must  also  be  consulted 
(p.  21).  The  mechanical  analysis  indicates  the  percentage 
of  particles  of  various  grades,  but  in  so  far  as  the  arrange¬ 
ment  of  these  particles,  in  addition  to  their  size,  determines 
the  soil  texture  and  influences  soil  fertility,  these  other  factors, 
organic  matter  and  lime,  which  have  marked  effects  upon  the 
state  of  aggregation  of  the  particles,  are  important.  Soils 
may  have  the  same  mechanical  analysis  and  yet  differ  very 
much  in  their  fertility  on  account  of  differences  in  their 
organic  matter  and  lime  content.  The  relationship  of  the 
soil  to  water  supply  is  also  important  in  determining  the 
most  suitable  cropping  and  cultivation  methods  for  the  soil. 
A  soil  with  high  content  of  sand  may  be  quite  useful  under 
a  high  rainfall  or  with  a  high-water  table  ;  a  soil  which, 
judged  by  its  mechanical  analysis,  is  somewhat  heavier  may, 
under  low  rainfall  conditions,  be  nothing  but  a  barren  sand. 
The  student  will  find  interesting  illustrations  of  the  effects 
of  these  various  factors  in  the  work  of  Hall  and  Russell 
arising  out  of  their  survey  of  Sussex,  Surrey  and  Kent. 

A  Practical  Classification.  It  is  quite  clear  that  a  soil 
map  which  merely  sets  forth  the  variation  in  one  particular 
property  of  the  soil  (e.g.  its  mechanical  analysis)  will  be  of 
limited  value  to  the  agriculturist.  The  attempt  to  combine 
on  one  map  all  the  information  about  the  soil  which  is  likely 
to  be  of  practical  value  has  been  made,  and  specimen  maps 
have  been  prepared  in  various  parts  of  the  country  showing 
by  appropriate  symbols  such  features  as  : 

(1)  Contour  (flat,  undulating,  a  slight  slope,  steep  slope 

broken  and  irregular). 

(2)  Water  conditions  (seasonal  drought,  seasonal  wetness, 

subject  to  flooding,  permanent  wetness,  springs’ 

irrigated).  r  ®  * 

(3)  State  of  stoniness  (no  stones,  slightly  stony,  very  stony 

bouldery,  rocky). 


94 


THE  CLASSIFICATION  OF  SOILS 

(4)  Texture  of  surface  layer  (grit,  light  and  heavier  sand, 
light  and  heavier  loam,  silt,  clay,  peat,  chalk). 

(5)  Colour  when  dry. 

(6)  Colour  when  wet. 

The  success  of  making  a  map  on  these  lines  depends,  among 
other  things,  upon  the  facility  and  accuracy  with  which  the 
terms  can  be  standardized,  so  that  such  terms  as  “  steep 
slope  ”,  “  very  stony  ”,  etc.,  will  have  the  same  meaning  to 
all  workers  in  all  places.  It  is  obvious,  of  course,  that  the 
map  produced  in  this  kind  of  way  will  not,  strictly  speaking, 
be  a  soil  map,  it  will  be  a  super-imposition  of  a  “  contour  ” 
map,  a  “  stoniness  ”  map,  a  “  water-conditions  ”  map,  a 
“  surface-texture  ”  map,  and  a  “  colour  ”  map. 

THE  GENETJC  CLASSIFICATION  OF  SOILS 

It  is  now  generally  recognized,  as  a  development  of  the 
work  of  the  Russian  pedologists,  that  soils  are  most  satis¬ 
factorily  and  scientifically  classified  and  surveyed  on  the 
basis  of  their  profile.  The  classification  of  soils  in  the  United 
States  on  the  basis  of  their  physical  properties  which  was 
organized  with  notable  results  by  the  late  Dr.  Milton  Whitney, 
was  many  years  ago  replaced  by  the  mapping  of  soils  on  the 
basis  of  their  profiles,  under  the  first  direction  of  the  late 
Dr.  Marbut.  The  soil  survey  of  this  country  is  on  the  same 
basis. 

Surveying  on  this  basis  has  two  important  characteristics : 

(1)  It  considers  the  soil  as  a  whole.  No  other  process  of 
classification  does  this.  It  is  frequently  said,  referring  to  a 
particular  area,  that  the  soil  has  a  certain  mechanical  compo¬ 
sition,  which  statement  implies  that  the  mechanical  analysis 
of  the  soil  is  uniform  throughout  its  depth.  Except  in  the 
case  of  certain  new  warp  soils,  this  is  probably  never  true. 
The  study  of  the  profile  differentiates  between  the  texture 
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factors  of  different  horizons.  The  same  consideration  applies 
to  any  other  characteristic  which  may  be  studied  separately 
in  each  horizon. 

(2)  It  takes  cognizance  of  the  soil-formation  processes. 
The  processes  going  on  in  a  soil  effect  removals,  leachings  and 
depositions  and  the  soil  profile  reflects  these  processes.  The 
importance  of  this  cannot  be  exaggerated,  for  it  is  a  philo¬ 
sophical  necessity  that  one  cannot  claim  a  scientific  knowledge 
of  soil  without  a  knowledge  and  understanding  of  what  has 
gone  on  in  its  formation,  and  what  is  still  going  on  within  it. 
Until  recently  there  was  too  great  a  tendency  to  consider 
the  soil  statically,  and  to  try  and  visualize  its  constitution 
as  a  fixed  thing. 

Immature,  Cultivated  and  Sedimentary-rock  Soils. 

In  soils  which  are  immature  and  in  which  the  soil  processes 
have  not  had  full  play  some  of  the  characteristics  of  the 
parent  material  still  obtain.  The  characterization  of  such 
soils  involves  a  combination  of  the  two  considerations,  namely, 
the  parent  material  and  the  processes  acting  upon  it. 

In  cultivated  soils  the  upper  part  of  the  natural  profile  is 
disturbed  by  cultivation  processes  which  prevent  the  forma¬ 
tion  of  horizons  within  the  depth  of  their  influence,  and  tend 
to  make  the  soils  uniform.  This  disturbance  of  the  upper 
horizon  or  horizons  may  have  considerable  effect  upon  the 
lower  horizons.  Soils  which  are  formed  from  sedimentary 
rocks  such  as  the  clays  and  sands  of  this  country  will  not, 
under  uniform  weathering  conditions,  ultimately  become  alike 
in  all  respects.  The  rocks  from  which  they  are  formed  are 
the  results  of  a  sorting-out  process  in  which  the  larger 

particles  have  been  approximately  separated  from  the  smaller 
ones. 

It  may  be  thought  that  the  considerations  underlying  the 
genetic  classification  of  soils  are  of  less  importance  in  all 
these  cases  and  therefore  of  less  importance  in  this  country. 
There  is,  however,  a  sense  in  which  those  considerations  are 
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of  greater  importance  in  the  study  of  such  soils.  Crudely 
speaking,  the  soil  processes  have  gone  on  to  -the  utmost  in 
the  mature  soils,  and  the  processes  are  easily  discovered  by 
the  examination  of  the  soil.  In  the  immature  and  cultivated 
soils  the  processes  are  going  on  and  the  soil  itself  does  not  so 
clearly  indicate  what  these  processes  are.  But  the  knowledge 
of  these  processes  is  equally  important. 

Horizons  from  which  materials  are  leached  are  called  the 
eluvial  horizons,  and  for  brevity  are  labelled  “  A  ”  horizons. 
Horizons  in  which  material  accumulates  are  called  illuvial 
horizons  and  are  labelled  “  B  ”  horizons.  The  soil  profile 
may  contain  several  A  horizons  and  several  B  horizons. 
These  are  labelled  Al5*  A2,  etc.,  Bls  B2,  etc.,  from  the  top 
downwards.  Even  in  a  simple  podsol  there  are  usually  two 
A  horizons,  the  upper  one  containing  much  organic  matter 
and  the  lower  ones  containing  little  organic  matter  and 
having  a  white  bleached  appearance  in  consequence  of  the 
removal  of  iron.  One  particular  horizon  may  sometimes  be 
a  B  horizon  in  respect  of  one  constituent  and  an  A  horizon, 
in  respect  of  another.  For  instance,  organic  matter  is  some¬ 
times  leached  downwards  and  deposited  in  a  B  horizon. 
Its  presence  there  may  cause  the  removal  of  sesquioxides 
from  that  horizon  (i.e.  a  process  of  podsolization  beneath 
the  surface),  and  the  horizon  will  therefore  be  an  A  horizon 
in  respect  of  the  sesquioxides.  References  to  Figs.  17-21 
on  pp.  98-9  will  show  that  the  profile  may  sometimes  be 
very  complex. 

In  the  United  States  soil  survey  profiles  of  uncultivated 
land  are  examined  and  the  number  and  thickness  of  the 
separate  horizons  are  noted.  The  texture  profile  is  then 
recorded  by  examining  the  texture  of  each  horizon.  The 
colour  profile  is  examined  and  certain  chemical  determinations 
are  made  on  each  horizon.  Areas  in  which  the  profiles  are 

*  The  surface  layer  in  grassland  and  woodland  is  generally  designated 
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essentially  alike  are  grouped  together  and  the  characteristic 
profile  is  given  a  definite  name. 

Genetic  Soil  Groups 

There  is  as  yet  no  finely  agreed  and  uniformly  accepted 
scheme  of  classifying  soil  profiles.  It  is  not  proposed  here 
to  discuss  the  various  schemes  that  have  been  suggested  and 
sometimes  tentatively  adopted.  For  this,  more  advanced 
books  should  be  consulted,  while  here  are  given  some  notes 
on  the  principal  genetic  groups. 

Acid  Humus  Soils.  These  soils  are  formed  under  water¬ 
logged  conditions  in  which  vegetation  is  not  oxidized  to  any 
great  extent.  Humification  takes  place  and  the  soils  are 
characterized  by  a  dominant  amount  of  humic  matter  which 
is  generally  acid.  While  these  soils  are  mostly  found  in  cool 
and  temperate  regions,  they  are  sometimes  also  formed  in 
tropical  swamps. 

Podsols.  Podsols  are  formed  under  temperate  and  humid 
conditions.  The  formation  of  podsols  does  not  begin  until 
the  leaching  of  the  bases  has  produced  an  acid  condition  in 
the  surface  material.  This  acidity  impedes  the  oxidation  of 
organic  matter  and  acid  humus  and  removes  iron  and  alu¬ 
minium  from  the  underlying  horizon,  but  further  down  still 
the  humus  or  sesquioxides,  or  both,  are  deposited. 

The  simplest  form  of  podsol,  therefore,  has  three  horizons 

an  acid-humus  horizon  at  the  surface,  a  siliceous  horizon 
from  which  iron  and  aluminium  have  been  removed,  and 
below  this  a  red  or  black  horizon  in  which  the  humus  or 
sesquioxides  are  deposited.  Many  podsols  are  more  compli¬ 
cated  than  this,  since  the  horizons  in  which  material  is 
deposited  may  subsequently  be  partly  leached  with  the  forma¬ 
tion  of  other  horizons  of  deposition  below.  Figs.  17-21 
illustrate  some  podsol  profiles. 

The  formation  of  podsols  has  been  attributed  to  the  col- 
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loidal  humus  protecting  the  less  stable  colloidal  solutions  of 
iron  and  aluminium  hydroxides  and  carrying  them  down 
until  either  a  less  acid  condition  or  an  evaporation  of  water 
during  drought  causes  them  to  be  deposited.  It  is  more 
likely  that  the  iron  and  aluminium  compounds  are  dissolved 
in  organic  acids  and  carried  down  until  certain  chemical 
changes  bring  about  their  deposition.  It  is  well  known  that 
many  organic  acids  dissolve  aluminium  and  iron  compounds 
to  a  greater  extent  than  mineral  acids  and  that  these  solutions 
do  deposit  iron  and  aluminium  hydroxides  after  some  time. 

It  also  seems  that  the  type  of  rock  is  a  factor  in  the  forma¬ 
tion  of  podsols.  In  this  country,  for  example,  podsols  are 
very  common  on  the  soils  of  the  Millstone  Grit  and  are  never 
found  on  the  soils  of  the  acid  Coal  Measures  Sandstone. 
The  view  that  podsols  are  formed  by  the  dissolution  of  iron 
and  aluminium  compounds  in  organic  acids  and  the  view 
that  the  parent  rock  is  a  factor,  are  both  supported  by  the 
fact  that  if  powdered  Millstone  Grit  is  leached  with  an  organic 
acid,  iron  and  aluminium  are  dissolved  from  the  surface  and 
deposited  in  a  well-defined  layer  lower  down,  whereas  no 
visible  differentiation  of  layers  can  be  produced  by  leaching 
powdered  Coal  Measures  Sandstone  with  an  organic  acid. 

Brown  Forest  Soils.  When  a  soil  is  under  a  deciduous 
forest  in  temperate  and  humid  climates,  the  surface  does  not 
normally  become  acid.  Calcium  and  other  metals  are  taken 
up  by  the  roots  into  the  trees  and  a  considerable  amount  is 
deposited  in  the  surface  because  of  the  leaf  fall.  There  is 
then  produced  a  soil  in  which  the  surface  layer  is  rich  in 
neutral  humus  and  is  fairly  moist.  Below  this  is  a  much 
dryer  layer  from  which  the  trees  remove  moisture,  and  under 
this  is  a  moister  horizon. 

Brown  Earths.  The  term  “  Brown  Earths  has  not  been 
defined  in  a  uniformly  accepted  way.  They  are  formed  under 
the  same  climatic  conditions  as  podsols  but  do  not  show  a 
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visible  differentiation  of  horizons.  Analysis  will  generally 
show  that  iron  and  aluminium  compounds  are  being  leached 
and  are  present  in  greater  percentage  at  lower  depths,  but 
the  appearance  of  the  profile  below  the  surface  layer  is  fairly 
uniform.  Some  take  the  view  that  these  brown  earths  are 
incipient  podsols  and  that  in  course  of  time  there  will  be  a 
visible  differentiation  of  horizons.  Others  consider  that  the 
brown  earths  are  a  separate  group.  As  podsols  cannot 
apparently  be  formed  in  soils  from  certain  types  of  rock,  it 
seems  reasonable  to  suppose  that  Brown  Earths  are  a  separate 
group. 

Black  Earths  or  Tschernozems.  These  soils  are  formed 
where  organic  matter  accumulates  because  of  a  long  period 
of  drought  following  the  growing  season  earlier  in  the  year. 
They  cover  a  large  area  of  the  steppe-land  of  Russia,  where 
they  have  been  studied  in  much  detail.  The  small  rainfall 
does  bring  about  the  leaching  of  potassium  and  sodium 
compounds  but  not  of  calcium  and  magnesium  compounds. 
These  soils,  therefore,  do  not  become  acid.  Their  base- 
exchange  capacity  is  almost  entirely  saturated  with  calcium 
and  there  is  great  uniformity,  both  in  appearance  and  compo¬ 
sition,  to  a  considerable  depth.  Layers  of  calcium  carbonate 
and  of  calcium  sulphate  are  sometimes  found  and  channels 
made  by  rodents  are  sometimes  filled  with  calcareous  material. 

To  the  north  of  the  Black  Earth  area  of  Russia,  where  the 
climate  is  cooler  and  moister,  there  is  a  considerable  develop¬ 
ment  of  Podsols.  It  seems  evident  that  over  a  long  period 
of  time  the  conditions  of  podsolization  have  been  moving 
southward,  and  areas  which  were  formerly  composed  of  black 
earths  have  since  been  “  degraded  ”  into  podsols  (see  p.  97). 

Chestnut -coloured  Soils.  These  are  similar  to  Black 
Earths,  but  have  been  formed  where  the  growing  period  in 
the  spring  has  a  lower  rainfall.  There  is,  therefore,  a  lesser 
amount  of  organic  matter  formed  and  the  soils  are  not  so 
dark  in  appearance  as  the  black  earths. 
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Laterites.  These  are  red  soils  with  high  percentages  of 
sesquioxides  found  in  the  moist  tropics.  According  to  one 
view,  they  have  been  formed  by  the  dissolution  and  leaching 
of  silica  in  alkaline  solution.  Others  consider  that  the 
sesquioxides  were  originally  a  layer  of  deposition  and  that 
the  soil  has  become  truncated.  The  position  is,  however, 
complicated  because  there  are  a  number  of  red  soils  in  the 
tropics  which  have  not  been  formed  in  the  same  way  and 
there  is  no  finely  agreed  definition  of  what  shall  be  called 
a  Laterite.  It  is  used  by  some  to  describe  any  red  tropical 
soil,  but  by  others  to  describe  only  a  particular  type  of 
red  soil. 

Rendzinas.  These  are  soils  formed  under  conditions 
which  would  normally  lead  to  the  formation  of  podsols  but 
which  contain  a  dominant  amount  of  calcium  carbonate, 
which  opposes  the  development  of  acidity  and  therefore  of 
podsolization.  The  British  chalk  soils  are  typical. 

Alkali  Soils.  The  alkali  soils  are  formed  under  conditions 
of  very  low  rainfall  so  that  the  sodium  and  potassium  com¬ 
pounds  formed  after  the  bases  have  been  split  off  by  hydro¬ 
lysis  are  not  leached.  In  some  of  these  soils  the  sodium  and 
potassium  compounds  are  neutral,  e.g.  the  sulphates.  The 
soils  are  then  known  as  White  Alkali  soils,  or  in  the  Russian 
terminology,  Solenchak.  In  others,  sodium  carbonate  is 
formed  and  the  soils  are  therefore  alkaline  in  reaction.  This 
results  in  the  humus  being  dissolved  and  carried  downwards 
and  deposited  in  a  lower  horizon.  When  the  soil  dries  out, 
this  humic  layer  frequently  shrinks  and  develops  a  colloidal 
structure.  These  are  known  as  Black  Alkali  soils,  or  in  the 
Russian  terminology,  Solonetz. 
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FERTILIZERS 

Chapter  10 

THE  PRINCIPLES  OF  MANURING 

Soil  fertility  is  the  ability  of  the  soil  to  produce  crops.  It 
is  determined  by  a  large  number  of  factors,  among  which 
are  the  supply  and  the  availability  of  the  organic  matter 
and  of  the  essential  plant-food  elements  in  the  soil.  Each 
crop  harvested  impoverishes  the  soil,  and  the  original  fertility 
cannot  be  restored  unless  the  elements  removed  by  the  crop 
are  replaced.  Without  such  replacement  a  succession  of  crops 
will  show  a  progressive  decline  in  yield  until  a  complete 
failure  ensues.  Under  arable  cropping,  where  oxidation  pro¬ 
cesses  are  rapid  in  the  soil,  organic  matter  is  lost  at  a  greater 
rate  than  it  is  being  replaced  from  the  roots  or  other  residues 
of  a  crop  ;  minerals  are  removed  during  a  normal  rotation 
of  crops  at  a  rate  per  acre  exceeding  25  lb.  phosphoric  acid, 
80  lb.  potash,  30  lb.  lime,  for  example,  during  each  year,  and 
only  a  proportion  of  these  minerals  is  returned  to  the  soil 
in  the  crop  residues  or  in  the  farmyard  manure  made  from 
these  residues.  Under  grass  husbandry  organic  matter  may 
be  either  increased  in  amount  or  decreased  ;  this  depends  on 
whether  the  field  is  grazed  by  stock  or  regularly  mown  for 
hay,  but  under  both  systems  there  is  a  progressive  drain  on 
some  of  the  mineral  constituents  of  the  soil. 

Manures  and  fertilizers  are  necessary  to  restore  these  losses  • 
they  can  be  used  not  only  to  maintain  the  original  soil 
fertility,  but  to  increase  it  appreciably.  In  normal  practice, 
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organic  matter  is  restored  by  means  of  temporary  leys,  by 
green  manuring,  by  grazing  animals,  and  by  the  application 
of  organic  manures.  The  mineral  requirements  are  restored 
partly  by  organic  manures  and  partly  by  fertilizers.  By 
itself,  dung  produced  on  a  farm  is  inadequate  to  maintain 
the  supply  of  minerals  in  the  soil  of  that  farm,  whatever 
system  of  farming  is  followed.  All  crops  and  all  stock  sold 
from  a  farm  represent  a  loss  of  minerals  originally  derived 
from  its  soil ;  consequently,  unless  an  outside  source  of 
minerals  is  obtained,  the  resources  of  the  soil  will  be  seriously 
depleted.  This  depletion,  particularly  of  calcium  and  phos¬ 
phorus,  has  been  proceeding  for  decades  on  all  stock-rearing 
farms  where  little  or  no  fertilizers  have  been  used.  On  the 
ploughing  out  of  the  grassland  in  such  farms  during  the  war, 
deficiencies  of  lime  and  phosphates  were  the  limiting  factors 
in  the  growing  of  arable  crops.  On  dairy  farms,  and  others, 
where  considerable  quantities  of  feeding  stuffs  were  purchased, 
the  depletion  of  minerals  has  not  been  so  serious,  as  the 
minerals  contained  in  the  foods  nearly  balanced  those  sold 
in  the  form  of  produce.  In  arable  farms  this  compensating 
balance  is  possible  only  by  the  purchase  of  fertilizers. 

It  is  seen  that  a  distinction  is  made  above  between  manures 
and  fertilizers,  the  former  term  being  used  for  bulky  organic 
materials,  and  the  latter  term  for  the  more  concentrated  and 
artificially  prepared  materials.  Organic  manures,  useful 
primarily  as  sources  of  humus  and  only  incidentally  as  sources 
of  slowly  available  plant  food,  are  applied  in  large  quantities 
at  infrequent  intervals.  Two  to  four  tons  per  acre  of  organic 
matter,  corresponding  with  about  15  tons  of  farmyard  manure, 
are  generally  regarded  as  sufficient,  along  with  root  residues, 
to  maintain  the  humus  level  for  four  or  five  years,  though 
heavier  and  more  frequent  dressings  are  usual  in  market 
gardens.  In  a  crop  rotation  dung  is  usually  applied  to  the 
root  crops  and  potatoes  in  winter  or  in  spring.  It  is  either 
ploughed  in,  or  put  in  rows  immediately  before  planting  or 
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sowing.  In  certain  districts  dung  is  applied  to  beans,  peas, 
or  wheat.  The  frequency  and  method  of  application  for 
grassland  are  determined  entirely  by  considerations  of  con¬ 
venience.  Fields  mown  for  hay  every  year  require  organic 
manures  every  second  or  third  year  ;  annual  dressings  are 
common,  however,  on  meadows  in  dairy  farms,  where  there 
is  usually  an  ample  supply  of  farmyard  manure  ;  but  this 
practice  leads  to  a  deterioration  in  the  quality  of  the  hay 
produced,  because  of  the  excessive  amounts  of  nitrogen 
released,  and  the  gradual  elimination  of  clovers  and  the 
“  bottom  ”  grasses. 

Fertilizers  are  complementary  to  manures  and  not  substi¬ 
tutes  for  them :  Liebig’s  theory,  that  crops  increase  or 
decrease  in  direct  proportion  to  the  quantity  of  minerals 
supplied  and  that  humus  is  of  only  minor  importance,  was 
discredited  by  Lawes  and  Gilbert  soon  after  its  formulation  ; 
the  many  experiments  carried  out  in  the  last  hundred  years 
in  all  parts  of  the  world  have  confirmed  the  mutual  dependence 
of  humus  and  minerals.  The  Rothamsted  experiments,  for 
example,  have  shown  that  fertilizers  add  about  20  per  cent 
to  the  yield  given  by  dung.  The  results  in  Table  4  are 
summarised  from  the  Rothamsted  reports. 


Table  4 

Relative  Effects  of  Dung  and  Fertilizers 


Mangolds. 

Turnips. 

Hay. 

,  Wheat. 

No  treatment  . 

Dung  only  .... 
Fertilizers  only 

Dung  and  fertilizers  . 

Tons. 

3-7 

18-2 

17-7 

26-6 

Tons. 

7-5 

19-2 

170 

200 

Cwt. 

200 

28-0 

22-4 

42- 1 

Bushels 
per  Acre. 

12-3 

34- 6 

35- 7 

Crowther  and  Yates,  in  a  survey  of  several  hundred  field 
experiments  in  Great  Britain  and  other  European  countries, 

I.A.O. 
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have  shown  that  root  crops  respond  to  nitrogenous  fertilizers 
almost  as  markedly  in  the  presence  of  dung  as  in  its  absence  ; 
but  there  is  less  response  to  phosphates  and  potash  when 
accompanied  by  dung  (see  Table  5). 

Table  5 


Response  of  Root  Crops  to  Fertilizers  with  and  xvithcmt  Dung 
Mean  Increments  (tons  per  acre) 


Responses  to  : 

Swedes. 

Mangolds. 

Sugar- 

beet. 

Potatoes. 

Nitrogen  (0-25  cwt.  N 

per  acre) : 

(a)  with  dung  . 

2-1 

2-8 

1*28 

0-85 

(6)  without  dung  . 
Phosphate  (0-5  cwt.  P206 

2*2 

31 

0-88 

107 

per  acre) : 

(a)  with  dung  . 

2-5 

1*4 

0*61 

0*61 

( b )  without  dung  . 
Potash  (0-5  cwt.  KaO  per 

4.4 

2*4 

0-41 

0-84 

acre) : 

(a)  with  dung  . 

0-9 

1*8 

0-29 

0-52 

(b)  without  dung  . 

2*3 

1*9 

0-44 

1-23 

All  crops  require  the  three  major  nutrients,  but  their 
demands  vary  ;  root  crops,  for  example,  require  more  phos¬ 
phate,  far  more  potash  and  slightly  more  nitrogen  than  do 
cereal  crops  (see  Table  1).  The  composition  of  the  mature 
crop  is  not,  however,  a  reliable  guide  to  the  fertilizer  require¬ 
ments  of  the  crop  ;  it  merely  shows  the  minimum  require¬ 
ments.  Potatoes,  turnips  and  other  shallow-rooted  plants 
have  a  low  power  of  assimilating  plant  food,  and  require 
ample  supplies,  especially  in  the  early  stages  of  growth.  The 
ash  of  swedes  and  of  potatoes  contains  very  little  phosphate, 
but  both  crops  respond  markedly  to  heavy  applications  of 
phosphatic  fertilizers.  Phosphates  are  the  chief  require¬ 
ments  also  of  leguminous  crops,  which,  being  able  to  assimilate 
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atmospheric  nitrogen,  are  more  or  less  independent  of  other 
forms  of  nitrogen. 

The  manurial  and  fertilizer  requirements  of  a  crop  are 
dependent  not  only  on  the  demands  of  the  particular  crop 
but  also  on  the  place  in  the  rotation  in  which  the  crop  falls, 
and,  of  course,  on  the  character  and  previous  treatment  of 
the  field.  Normally  the  bulk  of  the  manures  and  fertilizers 
used  on  an  arable  farm  are  applied  to  the  potato  and  root 
crops.  These  usually  receive,  together  with  farmyard  manure, 
a  generous  application  of  fertilizers  ;  the  mixture  may  con¬ 
tain  the  equivalent  of  0*4  to  1  cwt.  of  nitrogen,  0*4  to  2  cwt. 
of  phosphoric  acid,  and  0*4  to  1-5  cwt.  of  potash  per  acre. 
The  cereal  crop  following  the  root  crop  utilizes  the  residual 
plant  food,  and  may  require  only  a  little  nitrogen  fertilizer. 
The  third  crop,  if  a  cereal,  will  require  some  phosphate  in 
addition  to  nitrogen,  particularly  if  it  is  undersown  with 
grass  and  clover  seeds. 

It  is  evident  that  the  need  for  fertilizers  depends  on  the 
existing  level  of  fertility  in  the  soil.  In  his  Law  of  Minimum, 
Liebig  states  that  the  success  or  failure  of  a  crop  is  dependent 
on  the  quantity  of  that  necessary  constituent  which  is  present 
in  least  amount,  and  that  an  increase  in  crop  would  be  pro¬ 
portional  to  the  amount  of  that  constituent  added  to  the 
soil.  Hellriegel  showed  that  if  all  necessary  constituents 
except  one  are  present  in  ample  amounts,  the  increase  in 
crop  following  successive  small  increments  of  the  lacking 
constituent  is  not  linear  as  Liebig  assumed,  but  will  assume 
a  sigmoid  form,  that  is,  the  second  and  third  increment  will 
produce  a  greater  proportional  increase  than  the  first  incre¬ 
ment  and  also  than  the  fourth  and  succeeding  increments, 
until  finally  the  maximum  yield  is  reached  and  the  curve 

becomes  horizontal.  These  effects  are  expressed  graphicallv 
in  Fig.  22.  r  J 

Mitscherlich  maintained  that  the  curve  should  be  logarith¬ 
mic;  that  is,  the  increase  in  crop  given  by  a  single  increment  of 
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the  lacking  constituent  is  proportional  to  the  amount  by 
which  the  yield  is  less  than  the  maximum  possible.  If  Y  is 
the  yield  given  when  only  X  of  the  constituent  is  present, 


and  A  is  the  maximum  yield,  then  =  k(A  —  y),  where 


A;  is  a  constant  independent  of  the  fertilizer  or  the  crop. 
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*  Fig.  22. — Effect  of  Nitrogenous  Food  Supply  on  the  Growth  of  Barley 

(Hellriegel). 


Thus,  if  it  can  be  established  beforehand  which  constituents 
are  present  in  the  soil  in  ample  amounts  and  which  are 
lacking,  the  problem  of  the  successful  manuring  of  any  crop 
is  largely  solved.  In  the  investigation  of  this  problem, 
soil  analysis  has  proved  more  useful  in  this  country  than 
the  methods  of  Neubauer  and  Mitscherlich,  and  important 
advances  in  the  interpretation  of  analytical  results  have  been 

*  See  “  Soil  Conditions  and  Plant  Growth,”  1927  (E.  J.  Russell). 
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made  during  the  war  both  in  this  country  and  in  the  U.S.A., 
especially  with  respect  to  acidity,  available  phosphate  and 
potash.  Table  6  illustrates  the  effect  of  the  addition  of 
superphosphate  to  three  types  of  Yorkshire  soils  varying  in 
their  supplies  of  “  available  ”  phosphoric  acid  (as  determined 
by  the  1  per  cent  citric  acid  method). 

Table  6 

Response  to  Superphosphate  in  Soils  containing  Varying  Amounts 

of  Available  Phosphate 

Swedes  (tons  per  acre) 


Available  Phosphate. 

Low. 

Moderate. 

Ample. 

Basal  dressing  (no  phosphate)  . 

9-75 

17-00 

16-70 

Basal  dressing  +  2  cwt.  per  acre  super- 

phosphate . 

13-64 

17-56 

16-43 

Basal  dressing  +  4  cwt.  per  acre  super- 

phosphate . 

16-93 

17-85 

16-83 

S.E . 

±  0-41 

. 

±0-45 

±  0-36 

The  Application  of  Fertilizers.  Until  recently  it  has 

been  tacitly  assumed  that  it  is  necessary  to  distribute  ferti¬ 
lizers  uniformly  over  the  whole  surface  of  the  field,  and  to 
this  end  a  large  number  of  types  of  distributing  machines 
has  been  evolved.  To  get  the  best  results  from  fertilizers 
applied  in  this  manner  it  is  necessary  to  harrow  the  field 
afterwards,  so  that  some  at  least  of  the  fertilizer  or  mixture 
reaches  the  region  of  root  development  in  the  soil ;  owing 
to  the  power  of  soil  solution  to  precipitate  soluble  phosphates 
and  to  fix  potassium,  these  constituents  of  a  mixture  descend 
very  slowly  into  the  deeper  layers  of  soil  unless  assisted  by 
mechanical  means.  For  the  treatment  of  grassland  and  for 
applying  nitrogenous  top  dressings  to  corn  crops,  broadcast 
drilling  is,  however,  the  most  satisfactory  method. 
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The  experience  gained  since  1939  with  the  “placement” 
of  fertilizers,  suggests  that  the  importance  of  uniform  distri¬ 
bution  is  less  than  was  assumed.  Fertilizer  placement,  that 
is,  the  correct  placing  of  the  fertilizer  in  relation  to  the  seed, 
represents  the  most  promising  development  of  recent  years 
in  the  practice  of  manuring.  Combine  drills  at  present  in 
use  for  this  purpose  are  provided  with  two  hoppers,  one  for 
seed  and  one  for  fertilizer.  In  one  type,  the  seed  and  fertilizer 
are  introduced  into  the  soil  through  a  common  coulter ;  in 
other  types,  two  coulters  are  used,  the  fertilizer  being  placed 
an  inch  or  so  below,  or  to  the  side  of,  the  seed.  With  the 
first  type  there  is  a  risk  of  impairing  germination  if  the 
concentration  of  soluble  salts  around  the  seed  is  too  great, 
but  1  cwt.  per  acre  of  a  nitrogenous  or  a  potassic  fertilizer, 
or  3  cwt.  per  acre  of  superphosphate  are  safe  quantities. 
The  many  field  experiments  carried  out  in  1943  and  1944 
under  the  aegis  of  the  Ministry  of  Agriculture  have  shown 
that  a  given  quantity  of  a  phosphatic  fertilizer  applied  by 
means  of  a  combine  drill  is  as  effective  on  cereals  as  double 
that  quantity  applied  by  means  of  a  broadcast  drill.  The 
new  method  affords,  therefore,  a  great  saving  in  the  use  of 
fertilizers  for  any  given  crop ;  the  residual  values  are,  however, 
lessened,  first,  because  the  original  applications  are  less,  and 
secondly  because  they  are  localized.  For  these  reasons  it  will 
be  necessary  to  apply  complete  fertilizer  mixtures  for  all 
crops.  The  modern  tendencies  towards  greater  concentration 
in  fertilizers  and  their  production  in  granular  forms  make 
them  all  the  more  suitable  for  use  in  combine  drills. 

Combine  drilling  predetermines  the  time  of  application. 
Potassic  fertilizers  and  some  forms  of  nitrogen  are  most 
effective  when  applied  at  the  time  of  sowing,  but  all  the  less 
soluble  fertilizers  give  the  best  results  when  applied  a  few 
weeks  beforehand.  Compound  fertilizers  are  more  responsive 
when  broadcast  two  or  three  weeks  before,  than  when  applied 
at  the  time  of  sowing  the  seed,  but  normally  the  necessary 
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cultivation  of  the  land  is  not  sufficiently  far  advanced  to 
permit  of  this  being  done. 

Sources  of  Organic  Matter.  There  are  four  methods  by 
which  the  supplies  of  organic  matter  and  of  humus  are 
replenished  in  the  soil . 

(1)  By  the  ploughing  in  of  crop  residues. 

(2)  By  green  manuring. 

(3)  By  grazing  and  folded  stock. 

(4)  By  the  application  of  organic  manures. 

No  crop  grown  is  harvested  in  its  entirety.  Even  a  crop 
of  sugar-beet,  when  both  leaf  and  root  are  carted  off,  leaves 
behind  a  mass  of  root  hairs,  considerable  in  amount.  When 
the  leaves  also  are  ploughed  in,  more  than  two  tons  per  acre 
of  organic  matter  are  provided  by  an  average  crop.  The 
stubble  and  roots  of  corn  crops,  and  the  root  hairs  of  potatoes 
and  “  root  ”  crops  provide  smaller  but  indispensable  quantities. 
No  crop,  however,  except  perhaps  a  fairly  long  temporary  ley, 
leaves  the  soil  richer  in  organic  matter  than  it  was  at  the 
time  of  sowing. 

Aftermath  or  “  second  growth  ”  grass  and  clover  of  a 
temporary  ley  is  most  often  cut  and  made  into  hay  or  silage, 
but  sometimes  it  is  ploughed  in  as  a  “  green  ”  manure.  Other 
crops  grown  expressly  for  the  provision  of  humus,  and  known 
as  catch  crops  ”,  are  mustard,  lupins,  buckwheat,  Italian 
rye  grass  and  rape,  all  quick-growing  crops.  These  catch 
crops  are  sown  in  late  summer  after  early  potatoes  or  after 
a  corn  crop  and  should  be  ploughed  in  before  the  frost  com¬ 
mences.  They  enrich  the  soil  in  humus  and  conserve  soil 
nitrates,  which,  in  the  absence  of  the  crop,  would  be  lost  in 
the  drainage;  a  leguminous  catch  crop  will,  in  addition, 
greatly  enrich  the  soil  in  nitrogen.  Green  manuring  is  the 
most  effective  and  possibly  the  cheapest  way  of  building  up 
the  humus  supplies  in  the  soil.  r 

Many  catch  crops  are  consumed  on  the  field  by  live  stock. 
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Since  considerable  oxidation  of  organic  matter  takes  place 
in  the  digestion  processes  in  the  animal  a  smaller  amount  of 
organic  matter  reaches  the  soil  by  this  system  than  is  the 
case  when  the  crop  is  ploughed  in.  Swedes  and  kale  are 
often  “folded  off”  by  sheep;  consumed  in  this  way  these 
crops  contribute  more  humus  to  the  soil  and  do  so  more 
economically  than  if  fed  indoors  and  the  farmyard  manure 
thus  made  returned  to  the  field.  These  two  crops  are  costly 
to  grow  and  make  heavy  demands  on  labour,  and  when  the 
primary  object  of  cropping  is  to  increase  the  soil  organic 
matter,  a  suitable  green-manure  crop  is  better  and  cheaper. 

The  fourth  method  for  replenishing  the  humus  supplies 
in  the  soil  is  by  the  application  of  organic  manures  ;  these 
are  dealt  with  in  the  succeeding  chapter. 
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Organic  manures  are  chiefly  valuable  as  a  means  of  enriching 
the  soil  in  organic  matter  and  humus,  which  improve  the 
physical  condition  of  all  types  of  soil,  provide  a  source  of 
energy  for  soil  organisms,  and  are  a  store  of  slowly  available 
nitrogen.  Some  manures  contain  nitrogen  in  excess  of  that 
required  to  form  humus  and  this  excess  is  fairly  readily 
available  to  crops.  Others  contain  less  than  the  necessary 
amount  and  may  even  deplete  the  available  nitrogen  in  the 
soil.  Many  of  them  contain  appreciable  quantities  of  phos¬ 
phates  and  potash,  in  varying  states  of  availability. 

Nitrogen  in  organic  forms  is  sometimes  said  to  be  better 
than  that  in  inorganic  salts  ;  but  the  only  difference  is  one 
of  availability.  The  effects  of  “  inorganic  ”  nitrogen  are 
more  or  less  immediate  and  exerted  over  a  short  period ; 
those  of  “  organic  ”  nitrogen  are  gradual  and  relatively  pro¬ 
longed.  By  a  controlled  series  of  applications,  inorganic 
forms  of  nitrogen  can  be  made  to  produce  exactly  similar 
results  to  those  produced  by  organic  forms. 

Farmyard  Manure  is  by  far  the  most  important  organic 
manure :  it  consists  of  a  heterogeneous  mixture  of  the  solid 
and  liquid  excreta  of  farm  stock  with  bedding  material. 
More  than  75  per  cent  of  the  dung  in  this  country  is  produced 
by  the  bovine  species,  with  horses  and  pigs  the  next  most 
important  contributors.  Farmyard  manure  shows  wide  varia¬ 
tion  in  composition  as  detailed  below,  the  chief  variant  being 
the  percentage  of  water;  the  dry  matter  contains  about 
80  per  cent  of  organic  matter,  the  remainder  consisting  of 
sand  and  other  inorganic  constituents. 
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The  Composition  of  Farmyard  Manure.  The  following 

factors  determine  the  composition  : 

1.  The  Type  of  Stock.  Not  only  are  there  differences 
between  species  but  even  greater  differences  within  a  species. 
Cow-dung  differs  from  horse-dung  mainly  in  physical  con¬ 
dition  ;  the  dry  matter  of  the  two  types,  under  maintenance 
feeding,  is  of  approximately  the  same  composition.  Young 
stock  retain  a  greater  percentage  of  the  proteins  and  minerals 
fed  to  them  than  do  adult  stock,  and  their  dung  is,  therefore, 
inferior.  Dairy  cows  in  full  production  void  only  about 
75  per  cent  of  the  nitrogen  they  consume,  whereas  fattening 
bullocks  may  void  as  much  as  95  per  cent. 

2.  The  Type  of  Foods.  Bullocks  fed  on  a  maintenance 
ration  of  hay  and  roots  produce  a  dung  which,  though  reason¬ 
ably  equal  as  a  source  of  humus,  is  much  inferior  as  a  source 
of  nitrogen  and  phosphate  to  the  dung  produced  by  bullocks 
receiving  an  addition  of  concentrates.  The  extra  nitrogen 
consists  largely  of  the  degradation  products  of  proteins  and 
is,  therefore,  more  readily  available. 

3.  The  Amount  of  Urine  Retained.  Nearly  the  whole  of 
the  potash,  more  than  three-quarters  of  the  nitrogen,  and 
some  of  the  phosphates,  voided  by  an  animal  are  present  in 
the  liquid  excreta.  Moreover,  whilst  most  of  the  nitrogen  in 
the  solid  excreta  consists  of  the  undigested  proteins  of  the 
food,  that  in  the  urine  is  readily  available. 

4.  The  Amount  and  Kind  of  Bedding  Material.  Litter  is 
primarily  used  for  the  comfort  of  the  animal,  but  it  functions 
as  a  potential  source  of  humus,  and  serves  to  absorb  urine. 
It  represents  by  weight  between  one-tenth  and  one-quarter 
of  the  fresh  dung.  Wheat  straw,  dried  bracken,  and  peat 
moss  are  common  litters.  Peat  moss  absorbs  about  eight 
times  its  own  weight  of  urine,  the  other  two  about  three 
times.  Peat  moss  is  highly  resistant  to  bacterial  oxidation, 
whilst  the  other  two  decompose  readily. 
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5.  Method  of  Storage.  Losses,  both  of  organic  matter  and 
of  other  constituents,  are  inevitable  in  all  methods  of  storage. 
They  are  at  their  maximum  when  the  manure  is  placed  in 
a  loose  heap  in  the  open,  where  fermentation  and  oxidation 
of  carbon  compounds  are  rapid  and  where  rain  water  leaches 
out  a  considerable  proportion  of  the  potash  and  of  the  soluble 
nitrogenous  compounds.  They  are  least  when  it  is  left  to 
accumulate,  with  periodical  additions  of  litter,  under  the  stock 
that  produce  it.  .  Protection  from  rain,  and  consolidation  to 
prevent  undue  aeration,  are  necessary  to  preserve  farmyard 
manure  at  its  maximum  value. 

Russell  has  calculated  the  average  composition  of  various 
types  of  manure  from  several  different  sources  with  these 
results : 

Table  7 


The  Average  Composition  of  Farmyard  Manure 


Manure  produced  by  : 

Dairy 

Cows. 

Bullocks. 

Horses. 

Moisture . 

Organic  matter . 

Total  nitrogen  (N)  .... 
Ammoniacal  and  amide  nitrogen 
Phosphoric  acid  (P206).  .  . 

Potash  (K20) . 

Per  cent 
80*56 
15-27 
0-43 
0-12 
0-19 
0-44 

Per  cent 
74-65 
19-79 
0-62 
0-20 
0-26 
0-72 

Per  cent 

73-13 

21-89 

0-54 

0-12 

0-23 

0-54 

Ten  tons  of  bullock  manure  of  the  above  composition 
supply  the  equivalent  of  1-3  cwt.  of  nitrogen,  0-5  cwt.  of  phos¬ 
phoric  acid  and  1-4  cwt.  of  potash,  sufficient  theoretically 
for  an  acre  of  most  crops  grown.  Farmyard  manure  needs 
to  be  supplemented  by  fertilizers,  however,  because  of  the 
relative  unavailability  of  the  constituents.  Less  than  one- 
half  of  the  nitrogen  is  utilized  by  crops,  the  remainder  being 
lost  by  leaching,  by  denitrification  and  by  immobilization  in 
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soil  organic  matter.  Some  of  the  phosphorus  is  a  constituent 
of  the  organic  matter  in  dung  and  is  released  only  on  the 
complete  oxidation  of  the  organic  matter. 

Liquid  Manure.  Urine  collected  from  cowhouses  and 
stables  and  stored  in  underground  tanks  is  known  as  liquid 
manure.  During  the  process  of  collection  it  may  be  diluted 
with  rain  and  swill  water  and  the  dilution  may  vary  up  to 
about  75  per  cent.  The  undiluted  liquid  contains  up  to  one 
per  cent  of  nitrogen  and  more  than  one  peT  cent  of  potash  ; 
liquid  manure  on  the  average  contains  about  0-5  per  cent  of 
each.  The  two  constituents  are  in  a  readily  available  form. 
The  manure  requires  special  equipment  for  handling  and 
applying,  and  is  commonly  disposed  of  on  meadowland  (at 
1,000  to  4,000  gallons  per  acre).  There  is  no  reason  why  it 
should  not  be  applied  at  a  similar  rate  for  potatoes  and  root 
crops  a  month  or  a  fortnight  before  planting  or  sowing. 
Liquid  manure  is  an  excellent  agent  in  the  making  of  artificial 
farmyard  manure  from  straw. 

Edelmist.  This  is  farmyard  manure  allowed  to  ferment 
in  a  carefully  controlled  manner.  The  process,  patented  in 
Germany  by  Krantz,  allows  the  manure  to  ferment  in  a  fairly 
shallow  layer  for  a  few  days.  Fermentation  is  then  arrested 
by  placing  on  top  another  layer  of  fresh  dung,  the  pressure 
of  which  expels  most  of  the  oxygen  from  the  lower  layer. 
This  new  layer  is  allowed  to  ferment  for  a  few  days  and  is, 
in  its  turn,  compacted.  According  to  authorities  quoted  by 
S.  H.  Jenkins,  many  of  the  claims  made  about  Edelmist 
manure  are  exaggerated,  but  it  appears  to  be  popular  with 
German  farmers. 

Poultry  Manure.  This  manure  is  the  richest  in  nutrients 
of  all  farmyard  manures  ;  bird  droppings  contain  both  liquid 
and  solid  excreta,  and  no  urine  is  lost  by  drainage.  But  the 
moist  manure  ferments  rapidly  and  considerable  amounts  of 
ammonia  are  lost  by  volatilization.  Rapid  drying,  therefore, 
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is  desirable.  R.  Sayce  gives  the  following 

analysis 

average  poultry  manure  : 

Wet 

Dried, 

Per 

Per 

cent 

cent 

Moisture  .... 

.  52-9 

7-8 

Organic  matter 

.  29-3 

570 

Total  nitrogen 

21 

4-3 

Phosphoric  acid 

1-21 

2-92 

Potash  .... 

.  0-60 

1-38 

Dried  poultry  manure  is,  therefore,  three  times  as  rich 
in  humus  and  ten  times  as  rich  in  nitrogen  and  phosphates 
as  ordinary  farmyard  manure.  The  nitrogen  is  readily 
available  and  the  manure  is  highly  beneficial  to  cabbages, 
kale  and  other  forage  crops,  which  respond  well  to  nitrogen. 
One  ton  per  acre  of  air-dried  manure  is  ample. 

Artificial  Farmyard  Manure.  Wetted  straw  exposed  to 
air  suffers  a  slow  oxidation  by  bacterial  action,  and  finally 
yields  a  humus-like  material.  The  process  can  be  greatly 
expedited  by  the  addition  of  a  suitable  nitrogenous  compound. 
Hutchinson  and  Richards  state  that  the  optimum  amount  of 
added  nitrogen  is  about  0-7  lb.  per  100  lb.  of  dry  straw  ; 
greater  quantities  of  nitrogen  are  no  more  effective  and  are, 
therefore,  wasteful.  Materials  like  urea,  calcium  cyanamide, 
liquid  manure  and  sewage  sludge,  which  tend  to  promote  an 
alkaline  reaction,  are  superior  to  those,  like  sulphate  of 
ammonia,  which  induce  acidity,  but  the  latter  are  effective 
if  accompanied  by  lime.  A  shallow  layer  of  compacted 
straw  is  first  thoroughly  wetted  with  water — a  ton  of  straw 
needs  at  least  800  gallons — then  successive  additions  of 
sulphate  of  ammonia  (£-  ewt.)  and  quicklime  (  J  cwt.)  or  ground 
limestone  (1  cwt.)  are  watered  in.  Further  layers  of  straw 
are  treated  in  the  same  manner  until  the  heap  is  eight  or 
ten  feet  high,  when  it  is  left  for  two  or  three  months  to  ferment. 
At  the  end  of  this  period  the  heap  is  turned  and  if  necessary 
re-wetted.  After  a  further  period  of  three  months  the  manure 
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is  ready  for  use.  In  composition  and  physical  characteristics, 
as  well  as  in  effectiveness,  artificial  farmyard  manure  resembles 
the  natural  product.  One  ton  of  straw  yields  about  three 
tons  of  manure.  The  process  makes  heavy  demands  on 
labour  and  materials,  but  according  to  Davies  the  cost  of 
one  ton  of  manure,  exclusive  of  the  value  of  the  straw,  is 
only  just  over  six  shillings. 

Straw  as  a  Manure.  The  carbon-nitrogen  ratio  in  straw 
is  about  50  :  1.  When  straw  decomposes  in  the  soil  to  form 
humus,  with  a  C  :  N  ratio  of  about  10  :  1,  most  of  the  nitrogen 
is  drawn  from  the  soil ;  at  the  same  time  a  loss  of  carbon¬ 
aceous  material  as  carbon  dioxide  takes  place.  Hence 
manuring  with  straw  results  temporarily  in  the  depletion  of 
the  available  nitrogen  supplies  in  the  soil,  and  the  straw 
will  exert  a  negative  effect  on  the  following  crop.  To  avoid 
these  effects  it  is  necessary  when  ploughing  in  straw  (as  in 
the  case  of  a  long  stubble  left  by  a  combine  harvester,  or 
when  chopped  straw  is  spread)  to  apply  a  nitrogenous  fertilizer 
at  the  rate  of  about  30  lb.  of  nitrogen  per  ton  of  straw. 

Garden  Compost.  Waste  vegetable  refuse,  such  as  the 
leaves  of  cabbages,  parsnips,  beetroot,  etc.,  are  collected  on 
many  market  gardens  for  the  purpose  of  converting  into 
humus.  The  heap  is  usually  built  over  a  shallow  pit  and 
turned  once  or  twice  ;  it  is  necessary  to  keep  the  heap  moist. 
A  sprinkling  of  lime — about  4  lb.  per  cwt.  of  green  material, 
added  during  the  building  of  the  heap,  assists  fermentation. 
If  the  heap  contains  an  appreciable  percentage  of  grass 
cuttings,  no  added  nitrogen  is  necessary. 

Indore  Compost.  This  consists  of  the  decomposition 
products  of  domestic  waste  material,  prepared  by  a  method 
devised  by  Howard  and  Wad.  The  method  is  similar  to  that 
devised  by  Hutchinson  and  Richards  for  straw,  except  that 
inorganic  forms  of  nitrogen  are  not  used.  The  Indore  process 
involves  the  collection  of  every  type  of  domestic  refuse  into 
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a  storage  heap  ;  the  heap  is  turned  frequently  to  mix  its 
constituents  thoroughly,  and  kept  moist  with  water  and  writh 
liquid  manure,  which  provides  the  necessary  nitrogen  for  the 
decomposition.  Wood  ashes  and  dung  are  also  included. 
A  feature  of  the  process  is  that  an  inoculum  from  an  older 
heap  is  finally  added  to  hasten  the  oxidation  processes. 
Indore  compost  has  proved  its  worth  in  Indian  conditions 
and  its  making  is  now  a  routine  operation  on  many  farms. 

Sewage  Sludge.  Suspended  matter  in  sewage  on  reach¬ 
ing  the  disposal  works  is  caused  to  settle  in  tanks  ;  normally, 
a  precipitant  such  as  alum,  or  lime,  or  sulphuric  acid  is  neces¬ 
sary  to  promote  rapid  settling.  At  regular  intervals  the 
sediment  is  pumped  or  decanted  from  the  tanks  and  either 
run  into  lagoons  to  dry  by  gravity  or  processed.  Processing 
consists  of  passing  the  sediment  through  a  press,  or  a  more 
complete  drying  to  a  moisture  content  below  10  per  cent. 
The  naturally  dried  type  is  by  far  the  commonest.  It  varies 
in  moisture  content  according  to  age  and  time  of  year  from 
40  per  cent  to  75  per  cent.  Its  dry  matter  contains  between 
30  per  cent  and  70  per  cent  organic  matter  and  between 
1-4  per  cent  and  4*4  per  cent  of  total  nitrogen,  the  average 
dry  matter  composition  of  forty-five  West  Riding  samples 
being : 

Per  cent 


Organic  matter  ....  56-9 

(Containing  grease)  .  .  .  7-g 

Nitrogen . 2-32 

Phosphoric  acid  ....  1-29 

Potash  !  0*25 


Sludge  containing  70  per  cent  of  moisture  is  similar  in 
composition  to  average  farmyard  manure,  except  that  it 
contains  much  less  potash.  But  the  nitrogen  in  sludge  is  of 
a  much  lower  degree  of  availability  than  that  in  dung  It 
is  customary  to  regard  1£  or  2  tons  of  wet  sewage  sludge  (or 
ite  equivalent  of  the  drier  forms)  as  being  equal  in  efficiency 
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to  1  ton  of  farmyard  manure.  Sludge,  however,  requires  to 
be  supplemented  by  potash. 

Seaweed.  In  coastal  districts  seaweed  has  long  been  used 
as  a  manure.  It  is  composed  of  a  mixture  of  several  marine 
plants  differing  in  composition  and  particularly  variable  in 
the  amounts  of  phosphoric  acid  and  potash.  The  fresh  weed 
contains  less  organic  matter  than  dung,  approximately  similar 
quantities  of  nitrogen  and  of  phosphoric  acid,  and  much 
greater  amounts  of  potash.  Murray  gives  the  following 
general  average  : 


Per  cent 

Moisture  .....  70-80 

Organic  matter  .  .  .  10-20 

Nitrogen  .....  0-4-0-8 

Phosphoric  acid  .  .  .  0- 1-0-2 

Potash  .....  1-0-20 


Seaweed  is  readily  oxidized  in  the  soil,  and  resembles  dung 
in  its  effects.  Seaweed  in  the  form  of  kelp  is  an  important 
source  of  potash  (see  Chapter  12). 

Shoddy.  In  the  textile  trade  the  term  “  shoddy  ”  repre¬ 
sents  the  material  processed  from  rags  and  suitable  for  weav¬ 
ing.  Manure  shoddy  consists  of  pieces  of  rag  and  small 
strands  of  wool  unsuitable  for  processing.  It  is  valuable  both 
as  a  source  of  humus  and  of  nitrogen,  but  its  composition 
varies  greatly,  according  to  the  percentage  of  cotton  and 
other  non-nitrogenous  material  present.  The  amount  of 
nitrogen  varies  between  less  than  1  per  cent  to  over  12  per  cent, 
that  containing  5  to  7  per  cent  being  the  most  common. 
Because  of  the  heterogeneous  character  6f  shoddy  and  the 
difficulty  of  obtaining  a  truly  representative  sample,  it  is 
not  obligatory  on  the  seller  to  state  the  amount ’of  nitrogen 
present.  Nevertheless,  the  price  bears  a  close  relationship 
with  the  assumed  nitrogen  content  and  the  nitrogen  in  shoddy 
costs  50-100  per  cent  more  than  that  in  fertilizers.  It  is 
commonly  applied  to  hops,  and  to  potatoes,  at  the  rate  of 
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2  tons  per  acre,  a  dressing  supplying  as  much  humus  as 
10  tons  of  dung  and  considerably  more  nitrogen.  Experi¬ 
ments  in  Rothamsted  have  shown  that  the  nitrogen  in  shoddy 
has  a  residual  value  for  two  or  three  years. 

Peruvian  Guano.  This  consists  of  the  excreta  and 
remains  of  the  pelican  and  other  maritime  birds.  Similar 
deposits  are  found  in  Chile,  Ichaboe  and  other  rainless  districts. 
Peruvian  guano  has  been  used  in  this  country  for  more  than 
a  hundred  years,  but  the  original  deposits,  rich  in  available 
nutrients,  are  now  almost  exhausted.  The  modern  guano  is 
of  recent  origin  and  is  of  a  standard  character,  containing 
about  8  per  cent  of  nitrogen,  16  per  cent  of  phosphoric  acid 
and  2  per  cent  of  potash.  It  ranks  among  the  best  of  the 
natural  deposits.  Guanos  accumulating  in  wetter  regions 
tend  to  lose  their  soluble  constituents,  nitrogen  and  potash, 
and  become  correspondingly  richer  in  phosphoric  acid. 

Fish  Guano.  This  is  derived  from  fish  offals  or  unwhole¬ 
some  fish,  from  which  the  bulk  of  the  oil  has  been  extracted. 
It  varies  in  composition  as  follows  : 

Nitrogen  from  7  to  10  per  cent. 

Phosphoric  acid  from  4  to  10  per  cent. 

Potash  from  0-5  to  1  per  cent. 

The  better  samples  are  sold  as  a  feeding-stuff  under  the  name 
of  fish  meal. 

Meat  and  Bone  Guano.  This  is  also  called  Meat  Meal, 
and  is  even  more  variable  in  composition  than  fish  guano. 
It  consists  of  the  dried  degreased  refuse  of  slaughter-houses, 
and  includes  waste  and  condemned  meat  as  well  as  bones. 
Nitrogen  may  vary  from  about  6  to  13  per  cent  and  phos¬ 
phoric  acid  from  less  than  1  per  cent  to  nearly  20  per  cent. 
The  amount  of  potash  is  negligible. 

Other  Organic  Manures  of  Animal  Origin.  These 
include  blood  meal  (13  per  cent  N),  ground  hoof  and  horn 
(10  12  per  cent  N)  and  leather  dust  (up  to  12  per  cent  N). 


I.A.C. 
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The  first  two  are  valuable  as  sources  of  humus  and  of  slowly 
available  nitrogen.  Leather  dust,  unless  treated  with  some 
solvent  like  sulphuric  acid,  is  almost  undecomposable  in  the 
soil  and  is,  therefore,  ineffective  as  a  source  of  nitrogen. 

Rape  Dust.  The  by-product  after  the  extraction  of  the 
oil  from  oil-seeds  is  usually  sold  as  a  feeding-stuff.  If  unsuit¬ 
able  for  this  purpose  it  is  sold  as  a  manure.  Rape  dust,  or 
rape  meal,  is  representative  of  this  type.  It  contains  about 
5  per  cent  of  nitrogen,  about  2  per  cent  of  phosphoric  acid 
and  1  per  cent  of  potash. 

Castor -bean  Meal.  This  may  contain  between  5  per 
cent  and  8  per  cent  of  nitrogen  with  small  quantities  of 
phosphoric  acid  and  potash.  Neither  rape  dust  nor  castor- 
bean  meal  should  be  accessible  to  stock,  as  they  contain 
poisonous  constituents.  They  should,  therefore,  be  applied 
only  to  arable  land. 


Chapter  12 
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Of  the  many  chemical  elements  which  are  required  in  the 
nutrition  of  a  plant  there  are  three  which  are  needed  in 
relatively  large  quantities  and  which  are  liable  to  be  deficient 
in  ordinary  soils.  These  three  elements  are  nitrogen,  phos¬ 
phorus  and  potassium.  The  term  “  fertilizer  ”  is  usually 
confined  to  manufactured  or  prepared  compounds  of  these 
elements  or  to  mixtures  of  such  compounds. 


NITROGENOUS  FERTILIZERS 

The  nitrogen  in  nitrogenous  fertilizers  may  be  in  the  form 
of  (a)  Nitrate  as  in  nitrate  of  soda,  or  (6)  Ammonia  as  in 
sulphate  of  ammonia,  or  (c)  Organic  compounds  as  in  calcium 
cyanamide.  Since  crops  in  the  main  assimilate  nitrogen  in 
the  form  of  nitrate,  nitrate  fertilizers  are  more  quick-acting 
than  ammonium  or  organic  compounds,  which  must  undergo 
oxidation  before  their  nitrogen  is  assimilated  by  the  plant. 
This  difference  in  availability  constitutes  the  most  important 
difference  between  the  various  nitrogenous  fertilizers,  the 
effects  being  more  pronounced  in  acid  soils  than  in  soils  which 
are  neutral  or  alkaline. 

Nitrate  of  Soda,  NaN03.  15|  to  16  per  cent  N  (the  pure 
salt  contains  16*47  per  cent  N) 

This  fertilizer,  sometimes  called  Chile  saltpetre,  occurs 
naturally  in  Chile  as  a  constituent  of  the  mineral  caliche. 
Extraction  of  the  mineral  with  hot  water,  and  crystallization 
of  the  extract,  produces  a  salt  which  is  approximately 
95  per  cent  pure,  the  remaining  5  per  cent  consisting  of 
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moisture  and  other  salts  of  sodium,  such  as  perchlorate,  iodate, 
and  nitrite.  The  perchlorate  may  be  harmful  if  it  exceeds 
0-5  per  cent,  but  it  rarely  attains  this  amount.  The  sodium 
iodate  in  the  mother  liquor  after  crystallization  of  the  nitrate 
of  soda  forms  the  most  important  world  source  of  iodine. 

Nitrate  of  soda  is  also  manufactured  synthetically  on  a  large 
scale  by  the  oxidation  of  ammonia  into  nitric  acid  and  the 
combination  of  the  acid  with  sodium  hydroxide. 

NH3  +  202  — ►  HNOa  +  H20 

HN03  +  NaOH  ->  NaN03  +  H20 


Prepared  in  this  manner,  the  salt  is  purer  than  the  natural 
product  and  usually  contains  at  least  16  per  cent  of  nitrogen. 

Nitrate  of  soda  is  very  soluble  in  the  soil  solution  and  the 
effects  of  its  nitrate  on  the  crop  are  immediate.  Owing  to 
its  high  solubility  and  to  the  fact  that  its  nitrogen  forms  part 
of  the  anion  and,  therefore,  not  retained  by  soil  colloids,  the 
fertilizer  should  never  be  applied  before  the  time  of  sowing 
the  crop,  and  preferably  some  time  afterwards.  Whilst  it  is 
useful  for  most  crops  under  most  conditions,  it  is  particularly 
useful  as  an  aid  to  backward  crops  during  unfavourable  con¬ 
ditions  in  spring.  Used  in  large  quantities  at  frequent 
intervals,  nitrate  of  soda  is  liable  to  impair  the  texture  of 
heavy  soils,  because  of  the  production  of  a  sodium  clay. 

Whilst  nitrate  forms  the  most  important  constituent  of 
this  fertilizer,  the  effects  of  the  sodium  are  by  no  means 
negligible.  For  such  crops  as  sugar-beet  and  mangolds  the 
sodium  behaves  in  a  manner  similar  to  potassium,  and  when 
sodium  nitrate  is  applied  to  such  crops  the  need  for  potash 
is  lessened.  Russell  reports  the  following  figures  for  the 
yield  (fifty-years  average)  of  mangolds  on  the  Barnfield  at 

Rothamsted. 


Table  8 

Yield  of  Mangolds  ( tons  per  acre) 

Basal  Dressing.  Nitrate  of  Soda.  Sulphate  of  Ammonia- 

Superphosphate  +  potash  .  1512  13  50 

Superphosphate  only 


14-63 


6-70 
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Nitrate  of  Lime,  Ca(N03)2.  15J  per  cent  N  (the  anhy¬ 

drous  salt  contains  17-08  per  cent  N) 

This  fertilizer  is  produced  by  the  interaction  of  limestone 
with  nitric  acid  produced  directly  from  the  air  by  the  Birke- 
land  and  Eyde  process.  In  this  process  air  is  passed  through 
an  electric  arc  which  is  caused  to  assume  a  discous  shape 
by  a  powerful  electromagnet.  The  temperature  of  the  arc 
is  about  3,000°  C.  and  under  these  conditions  the  issuing 
gases  contain  about  2|  per  cent  nitric  oxide.  At  about 
400°  C.  the  oxide  combines  with  oxygen  to  form  the  stable 
peroxide  (N02).  A  special  apparatus  is  therefore  essential 
to  bring  about  the  necessary  rapid  cooling. 

The  mixed  gases  are  passed  through  water  in  a  battery 
of  towers  filled  with  quartz  chips,  the  flow  of  gases  being  in 
the  opposite  direction  to  the  flow  of  water.  The  formation 
of  nitric  acid  is  represented  by  the  following  equations  : 

2N02  +  H20  — ►  HN03  +  HN02 

3HN02  ->  HN03  +  2NO  +  H20 

The  residual  nitrogen  oxides  from  the  last  tower  are 
absorbed  in  sodium  carbonate. 

The  nitric  acid  produced,  of  about  40  per  cent  strength, 
is  neutralized  with  powdered  limestone  to  form  calcium 
nitrate. 

CaC03  +  2HN03  ->  Ca(N03)2  +  H20 

The  fertilizer,  originally  produced  in  Norway  and  containing 
13  per  cent  of  nitrogen,  suffered  from  the  disadvantage  of 
being  very  deliquescent,  which  necessitated  its  storage  in 
waterproof  containers.  This  disadvantage  is  somewhat  re¬ 
duced  by  adding  a  small  quantity  of  ammonium  nitrate  or 

sulphate,  and  the  improved  modern  material  contains  15J  per 
cent  of  nitrogen. 

Nitrate  of  lime,  because  of  its  physical  disadvantage  and 
its  high  cost,  has  not  been  popular,  but  as  a  source  of  nitrogen 
it  compares  favourably  with  all  other  nitrogenous  fertilizers. 
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and  being  a  calcium  salt  has  no  harmful  effect  on  soil  texture 
and  reaction. 

Nitrate  of  Potash,  KN03.  13  per  cent  N,  44  per  cent  K20 

Nitrate  of  potash  or  saltpetre  occurs  naturally  in  many 
parts  of  the  Tropics  and  in  India.  It  is  also  manufactured 
in  France  by  the  fermentation  of  a  mixture  of  dung  and 
wood  ashes,  the  mass  being  kept  moist  with  liquid  manure. 
After  fermentation  the  mass  is  lixiviated  with  water  and  the 
salt  obtained  by  crystallization. 

A  compound  fertilizer,  containing  both  nitrogen  and  potash, 
nitrate  of  potash  is  popular  with  market  gardeners,  but  owing 
to  its  high  cost  relative  to  other  nitrogenous  fertilizers  it  has 
not  found  much  favour  with  arable  farmers. 

A  mixture  of  the  nitrates  of  sodium  and  potassium  called 
Chile  nitrate  of  potash,  contains  about  14  per  cent  each  of 
nitrogen  and  of  potash  (K20). 

Sulphate  of  Ammonia,  (NH4)2S04.  21  per  cent  N  (pure 
salt  contains  21-21  per  cent  N) 

There  are  two  main  methods  of  production  of  this  fertilizer  : 

(1)  From  ammoniacal  gas  liquor.  The  liquor  from  gas¬ 
works’  scrubbers  contains  between  1  per  cent  and  2  per  cent 
of  nitrogen  in  the  form  of  ammonium  salts,  chiefly  chloride, 
cyanate  and  carbonate.  The  ammonia  is  recovered  by  steam 
distillation  after  the  addition  of  lime,  or,  more  frequently 
to-day,  of  iron  oxide.  The  ammonia  distilled  off  is  collected 
in  sulphuric  acid  and  the  ammonium  sulphate  obtained  by 
crystallization. 

2NH3  +  H2S04  — ►  (NH4)2S04 

This  product  contains  appreciable  quantities  of  sulphuric 
acid,  sometimes  in  excess  of  0-5  per  cent,  and  this  acid  was 
at  one  time  supposed  to  account  for  the  well-known  acid 
effects  of  ammonium  sulphate,  but  it  will  be  shown  later 
that  the  acid-free  salt  has  similar  effects. 
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(2)  From  ammonia  produced  by  the  Haber-Bosch  process. 
This  process  involves  the  direct  combination  of  nitrogen  and 
hydrogen,  and  highly  pure  forms  of  the  gases  are  required. 
Originally,  hydrogen  was  obtained  by  the  electrolysis  of  water 
and  nitrogen  by  the  evaporation  of  liquid  air,  but  the  modern 
sources  are  water-gas  (H  +  CO)  and  producer  gas  (N  -f  CO) 
respectively,  the  carbon  monoxide  being  oxidized  to  dioxide 
(in  the  presence  of  steam)  and  removed  by  passing  the  gases, 
under  pressure,  through  soda-lime.  With  the  aid  of  a  catalyst, 
such  as  platinized  asbestos,  or  powdered  nickel  or  powdered 
iron,  nitrogen  and  hydrogen  combine  at  temperatures  around 
800°  C.  and  under  a  pressure  of  about  200  atmospheres  to 
form  ammonia.  The  ammonia  may  be  collected  either  in 
sulphuric  acid,  or  passed  together  with  carbon  dioxide,  as 
at  Billingham,  into  a  hot  aqueous  suspension  of  calcium 
sulphate.  In  the  latter  process  the  formation  of  ammonium 
sulphate  may  be  represented  thus  : 

2NHS  +  C02  +  H20  +  CaS04  ->  (NH4)2S04  +  CaCOs 

The  salt  crystallized  from  the  filtered  solution  is  of  a  very 
high  purity,  containing  more  than  21  per  cent  of  nitrogen. 


The  calcium  carbonate  by-product  is  used  in  the  production 
of  other  fertilizers,  and  the  surplus  forms  a  useful  liming 
material  (see  Chapter  13). 

Sulphate  of  ammonia  is  slower  acting  than  nitrate  fertilizers, 
the  complete  oxidation  of  the  ammonia  into  nitric  acid 
occupying  about  seven  days,  even  under  the  most  favourable 
conditions  of  soil  temperature  and  moisture.  On  dissolving 
in  soil  water  the  fertilizer  exchanges  its  ammonium  with 
another  base,  usually  calcium,  from  the  soil  complex,  with 
the  probable  subsequent  formation  of  ammonium  carbonate, 
which  is  attacked  by  nitrifying  bacteria  to  form  nitric  acid! 


(NH4)2S04  4-  CaC08 
(NH4)2C03  -p  402 
2HN08  +  CaCOs 


>•  (NH4)2C03  4-  CaS04 
— ►  2HN03  +  C02  4-  3H20 
—►  Ca(N03)2  4-  C02  4-  HaO 
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Thus,  one  molecule  of  ammonium  sulphate  removes  the 
equivalent  of  two  molecules  of  calcium  carbonate  ;  a  hundred¬ 
weight  of  sulphate  of  ammonia,  therefore,  can  neutralize 
about  1J  cwt.  of  chalk.  Repeated  applications  produce  by 
this  mechanism  a  high  state  of  acidity  in  the  soil  and  liming 
will  be  necessary  to  restore  the  base  status  of  the  soil. 

Nitro -chalk.  15|  per  cent  N.  Nitro-chalk  is  a  mixture 
of  ammonium  nitrate  (NH4N03)  and  calcium  carbonate. 
Ammonium  nitrate  is  manufactured  on  a  large  scale  by  the 
partial  oxidation  of  ammonia.  A  regulated  current  of  air 
is  passed  through  a  hot  solution  of  ammonia  and  then  over 
heated  platinized  asbestos  : 

2NH3  +  202  — *  NH4N03  +  H20 

Any  nitric  acid,  formed  is  neutralized  with  ammonia.  The 
requisite  quantity  of  calcium  carbonate  (the  precipitated 
chalk  from  the  manufacture  of  sulphate  of  ammonia)  is  now 
added,  and  the  thick  paste  formed  is  dropped  down  a  250-foot 
tower.  In  the  descent  the  mixture  solidifies,  and  is  then 
dried  and  granulated  in  a  special  chamber. 

The  relative  proportions  of  ammonium  nitrate  and  calcium 
carbonate  in  nitro-chalk  may,  of  course,  be  varied  at  will. 
The  material  containing  46  per  cent  of  ammonium  nitrate 
contains  the  same  amount  of  nitrogen  as  nitrate  of  soda,  and 
1  cwt.  per  acre  forms  a  normal  rate  for  many  crops.  Chalk 
is  incorporated  in  ammonium  nitrate  mainly  as  a  drying 
agent,  the  pure  salt  being  very  deliquescent,  but  it  also  removes 
the  risk  of  fires  which  pure,  dry  ammonium  nitrate  may 

cause. 

Nitro-chalk  contains  nitrogen  in  two  forms,  one  (N03) 
being  immediately  available  to  crops,  the  other  form  (NH3) 
being  available  a  few  days  later.  Although  ammonium 
nitrate,  like  the  sulphate,  exerts  an  acid  effect  on  soil,  nitro- 
chalk  has  a  residual  alkaline  effect. 
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Leuna- Saltpetre  (26  per  cent  N)  is  a  mixture  of  ammon¬ 
ium  nitrate  (2  parts)  and  ammonium  sulphate  (1  part).  It 
contains  one-third  of  its  nitrogen  as  nitrate,  the  remainder 
as  ammonia.  It  is  manufactured  in  Germany  and  there  has 
been  no  experience  of  its  use  in  this  country. 

Muriate  of  Ammonia  (NH4C1— 25 J  per  cent  N)  has  not 
been  used  on  the  farming  scale,  but  it  has  been  thoroughly 
studied  at  Rothamsted.  Russell  states  that  uas  a  fertilizer 
it  is  more  effective  (than  sulphate  of  ammonia)  for  grain  crops, 
perhaps  slightly  better  for  sugar-beet,  no  better  for  mangolds 
and  inferior  for  potatoes  ”. 

Calcium  Cyanamide,  CaNCN.  206  per  cent  N.  The 
pure  salt  contains  35  per  cent  of  nitrogen,  but  the  fertilizer 
contains  fairly  large  quantities  of  carbon,  lime,  and  silicates 
as  impurities. 

This  was  first  produced  early  in  the  century  under  the 
names  of  Nitrolim  or  Stickstoffkalk,  but  it  did  not  meet 
with  much  favour  as  a  fertilizer  because  of  the  effects  of  a 
poisonous  constituent,  dicyandiamide,  produced  as  a  result 
of  the  hydrolysis  of  cyanamide  ;  the  earlier  product  was 
offensively  dusty,  and  the  dustiness  was  allayed  by  slaking 
with  water.  The  modern  product  is  treated  with  oil,  whereby 
the  formation  of  the  poison  is  greatly  reduced  and  the  texture 
made  quite  good. 

Calcium  cyanamide  is  manufactured  by  passing  nitrogen 
over  calcium  carbide  at  a  temperature  of  about  1,000°  C. 

CaC2  +  N2  ->  CaNCN  +  C 

The  mixture  of  cyanamide  and  carbon  produced  also  con¬ 
tains  about  20  per  cent  of  lime  and  other  minerals  present 
as  impurities  in  the  carbide. 

According  to  Cowie,  cyanamide  undergoes  hydrolysis  in 
the  soil  solution,  with  the  formation  of  urea  (CO(NH2)2),  some 
constituent  of  the  soil,  possibly  the  clay,  acting  as  catalyst. 
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The  urea  thus  formed  undergoes  bacterial  hydrolysis  into 
ammonium  carbonate,  which  is  oxidized  into  nitrate. 

Under  favourable  conditions  the  complete  change  of 
cyanamide  into  nitrate  may  take  as  long  as  three  weeks. 
For  this  reason  and  because  calcium  cyanamide  itself  is  slightly 
poisonous  to  plants,  it  is  necessary  to  apply  the  fertilizer 
some  days  before  the  crop  is  sown.  It  has  a  residual  alkaline 
effect  on  the  soil  as  free  lime  is  present  as  an  impurity  and 
more  lime  is  produced  during  the  process  of  hydrolysis  in 
the  soil. 

Ammonium  Bicarbonate,  NH4HC03.  17 J  per  cent  N. 
This  salt  has  not  yet  been  used  as  a  fertilizer  except  on  the 
experimental  scale.  Experiments  at  Rothamsted  and  in 
Yorkshire  and  elsewhere  have  shown  that  ammonium  bicar¬ 
bonate  is  about  80  per  cent  as  effective  as  an  equivalent 
quantity  of  the  sulphate.  The  difference  is  no  doubt  due  to 
the  high  volatility  of  the  bicarbonate,  necessitating  an 
immediate  harrowing  of  the  field  after  the  application. 

Ammoniacal  gas  liquor.  1-2  per  cent  N.  During  the 
late  1920’s  sulphate  of  ammonia  from  gas  liquor  could  not 
be  produced  as  economically  as  the  synthetic  product,  and 
other  means  of  using  the  nitrogen  in  gas  liquor  were  sought. 
One  suggestion  was  the  production  of  ammonium  bicarbonate 
by  subjecting  crude  coal-gas  to  pressure ;  another  was  the 
direct  application  of  gas  liquor  to  the  land.  The  chief 
problems  are  those  of  transport,  storage  and  application,  the 
liquor  being  extremely  corrosive  of  metals.  Despite  the 
presence  of  appreciable  quantities  of  cyanates,  cyanides, 
sulphides  and  phenols,  gas  liquor  has  been  found  to  be  an 
effective  source  of  nitrogen  for  potatoes,  oats  and  meadow 
hay,  when  applied  at  400-500  gallons  per  acre. 

Ammonium  Thiocyanate,  NH4CNS.  36-8  per  cent  N. 
Thiocyanates  are  regarded  as  potent  plant  poisons,  and  can 
be  used  effectively  as  weed-killers,  but  they  undergo  rapid 
oxidation  in  the  soil.  Crops  sown  six  weeks  after  the  applica- 
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tion  of  ammonium  thiocyanate  at  the  rate  of  2  cwt.  per  acre 
will  grow  normally  and  produce  yields  comparable  with  those 
treated  with  ammonium  sulphate  at  an  equivalent  rate. 

Urea,  CO(NH2)2,  is  prepared  by  the  action  of  ammonia  on 
carbonyl  chloride,  COCl2,  or  on  ethyl  carbonate,  (C2H5)2C03, 
or  by  the  dehydration  of  ammonium  carbamate,  (NH3)2C02. 
Urea  contains  over  46  per  cent  of  nitrogen  and  is  the  most 
concentrated  of  the  nitrogenous  fertilizers  ;  it  is  not  com¬ 
monly  used  in  Great  Britain,  but  it  is  widely  used  in  the 
Dutch  East  Indies  and  in  Canada,  where  it  has  been  proved 
to  be  as  effective  as  other  forms  of  nitrogen. 

In  the  soil,  urea  is  converted  into  ammonium  carbonate 
and  finally  into  nitrate  ;  it  thus  exerts  an  acid  effect  on  soil 
and  1  cwt.  will  remove  about  1  cwt.  of  quicklime  from  the 
soil. 

Soot,  2-11  per  cent  N.  Soot  from  domestic  chimneys 
contains  its  nitrogen  almost  entirely  in  the  form  of  ammonium 
sulphate,  formed  by  the  combination  in  the  cooler  parts  of 
chimneys  of  ammonia,  sulphur  trioxide  and  water,  products 
of  the  burning  of  coal.  Soot  from  boilers  and  furnaces,  where 
the  temperature  of  combination  is  much  higher  than  in 
domestic  chimneys,  contains  very  little  nitrogen  and  is  of 
negligible  fertilizer  value. 

As  a  fertilizer  soot  is  mainly  valuable  for  its  nitrogen, 
but  it  also  exercises  a  pronounced  beneficial  effect  on  the 
texture  of  heavy  soils  when  applied  at  the  rate  of  20-30  bushels 
per  acre  (about  4-6  cwt.  per  acre).  It  is  also  reputed  to  be 
a  fairly  effective  deterrent  to  slugs  and  like  .pests. 

Compound  Fertilizers,  containing  nitrogen  (see  p.  148). 
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Phosphates  are  the  most  widely  used  of  all  artificial  ferti¬ 
lizers  in  Great  Britain ;  the  need  for  them  in  the  soils  in 


132 


FERTILIZERS 


this  country  is  much  greater  than  for  potash  or  even  nitrogen. 
In  all  stock-rearing  areas  in  this  country  there  has  been  a 
progressive  reduction  in  the  amount  of  phosphorus  in  the  soil, 
a  decline  much  more  severe  than  that  of  nitrogen  and  potash 
because  of  the  fact  that  a  much  smaller  proportion  of  phos¬ 
phorus  consumed  by  the  animal  is  returned  to  the  land  in 
the  form  of  dung  than  is  the  case  with  the  other  two  con¬ 
stituents.  When,  therefore,  crushed  bones  were  first  tried 
as  fertilizers  towards  the  end  of  the  eighteenth  century, 
spectacular  increases  in  crop  were  obtained,  and  the  deserved 
popularity  of  phosphatic  fertilizers  has  remained  to  this  day. 

Phosphatic  fertilizers  are  all  derived  from  calcium  salts  of 
phosphoric  acid  and  these  are  found  in  the  form  of  raw 
bones,  apatite  (CaF2,3Ca3(P04)2),  phosphorite,  and  phosphate 
rock.  A  wide  range  of  fertilizers  is  obtained  either  by  pro¬ 
cessing  these  materials  or  by  their  direct  use  in  the  ground 
form.  They  differ  greatly  in  solubility,  the  phosphate  in 
some  being  water-soluble,  and  in  others  insoluble  ;  of  the 
latter,  some  are  highly  soluble  in  weak  organic  solvents,  such 
as  2  per  cent  of  citric  acid  or  neutral  ammonium  citrate,  whilst 
others  are  only  partly  soluble.  In  general,  it  may  be  said 
that  the  solubility  of  a  phosphatic  fertilizer  determines  its 
availability,  citric  soluble  phosphates  and  those  highly  soluble 
in  water  being  more  available  than  the  less  soluble  types. 
This  is  clearly  so  when  such  contrasting  fertilizers  as  super¬ 
phosphate  and  ground  rock  phosphate  are  compared  ;  and 
a  basic  slag  of  high  solubility  in  citric  acid  is  more  effective 
than  one  with  a  low  solubility. 

Superphosphate  of  Lime 

This  fertilizer,  first  introduced  in  1842  by  J.  B.  Lawes,  is 
manufactured  by  the  interaction  of  crude  sulphuric  acid  with 
ground  rock  phosphate.  The  calculated  quantities  of  acid 
and  phosphate  are  poured  simultaneously  into  a  mixer  con¬ 
structed  of  acid-resisting  material  and  provided  with  a  mixing 
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screw  made  of  an  acid-resisting  alloy  (iron  and  silicon). 
After  about  three  minutes,  during  which  a  vigorous  chemical 
reaction  takes  place,  the  mixture  is  poured  into  a  brick-lined 
den  where  it  remains  until  the  reaction  has  been  completed 
and  the  temperature  has  subsided.  One  of  the  products  of 
the  reaction  is  hydrogen  fluoride,  derived  from  the  apatite 
in  the  rock  phosphates,  and  special  precautions  are  necessary 
to  protect  the  health  of  the  workmen. 

The  reaction  as  it  affects  the  calcium  phosphate  in  the 
ground  rock  may  be  represented  by  the  following  equation  : 

Ca3(P04)2  +  2H2S04  ->  CaH4(P04)2  +  2CaS04 

insoluble  tri-calcium  phosphate  being  converted  into  soluble 
mono-calcium  phosphate. 

In  addition  to  tri-calcium  phosphate,  rock  phosphate  may 
contain  large  amounts  of  calcium  carbonate,  as  well  as  silicates 
and  compounds  of  iron,  aluminium  and  fluorine.  Hence 
superphosphate  contains  many  products  besides  mono-calcium 
phosphate  ;  in  particular,  calcium  sulphate  which  helps  to 
maintain  the  fertilizer  in  a  fairly  satisfactory  physical  con¬ 
dition.  If  the  mixing  of  the  acid  and  rock  phosphate  is 
inefficient,  or  if  an  excess  of  acid  is  used,  the  resulting  product 
is  pasty  when  fresh,  and  sets  to  a  hard  mass  after  a  few 
weeks.  It  is  also  very  corrosive  of  the  metal  parts  of  fertilizer 
drills.  When  an  excess  of  sulphuric  acid  is  used  an  equivalent 
amount  of  ortho-phosphoric  acid  is  produced,  thus  : 

Ca3(P04)2  +  3H2S04  — ►  2H3P04  +  3CaS04 

For  this  reason  it  is  usual,  when  mixing  the  ingredients,  to 
add  a  small  excess  of  rock  phosphate,  but  this  does  not 
completely  remove  the  objections  mentioned  above.  Modern 
forms  of  superphosphate,  therefore,  contain  a  small  percentage 
of  unchanged  tri-calcium  phosphate,  roughly  10  per  cent  of 
the  total  phosphate,  the  amount  of  which  naturally  depends 
on  the  grade  of  rock  phosphate  used.  Superphosphate  con¬ 
tains  between  12  per  cent  and  20  per  cent  of  P205. 
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Although  superphosphate  is  generally  regarded  as  an  acid 
fertilizer,  its  effect  on  soil  reaction,  as  shown  by  Crowther, 
is  negligible.  It  reacts  with  free  calcium  carbonate  and  other 
calcium  compounds  in  the  soil,  however,  and  a  precipitate 
of  di-calcium  phosphate  is  formed. 

CaH4(P04)2  +  CaC03  ->  Ca2H2(P04)2  +  H20  +  C02 

The  precipitate  in  part  is  readily  available  to  plants,  but  a 
suostantial  proportion  of  it  remains  more  or  less  permanently 
locked  up  in  the  soil.  In  highly  acid  soils,  phosphates  of  iron 
are  formed  ;  these  are  unavailable  to  crops  and  the  efficiency 
of  superphosphate  as  a  plant  food  is  greatly  diminished  in 
the  more  acid  soils. 

Triple  Superphosphate.  Sometimes  called  Double 
Superphosphate,  it  contains  between  40  per  cent  and  50  per 
cent  of  P205  in  the  form  of  mono-calcium  phosphate  and  is 
prepared  by  the  interaction  of  ortho-phosphoric  acid  with 
tri-calcium  phosphate  contained  in  rock  phosphate  according 
to  the  equation  : 

Ca3(P04)2  +  4H3P04  ->  3CaH4(P04)2 

Triple  superphosphate  contains  little  calcium  sulphate  and 
the  physical  condition  of  the  freshly-made  fertilizer  is  more 
unsatisfactory  than  that  of  ordinary  superphosphate,  but  its 
preparation  in  the  granular  form  overcomes  this  objection. 
Because  of  its  concentration,  only  small  dressings  are  required 
and  it  is  very  suitable  for  use  in  the  combine  drill. 

Reversion.  When  water-soluble  phosphate  enters  the  soil 
solution  it  rapidly  reverts,  as  shown  above,  into  an  insoluble 
form  and  this  reversion,  if  caused  by  iron,  may  result  in  the 
permanent  loss  of  a  considerable  proportion  of  the  added 
phosphate.  It  is  likely  also  that  fluorine  is  a  potent  factor 
in  locking  up  phosphates  in  a  permanently  unavailable  form, 
and  it  is  possible  that  soil  organic  matter  absorbs  or  combines 
with  available  phosphates,  which  are  released  again  only 
on  the  decomposition  of  the  organic  matter. 
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It  is  therefore  reasonable  to  assume  that  if  the  reversion 
of  superphosphate  is  effected  in  a  suitable  direction  before 
its  application  to  the  land,  then  there  will  be  a  much  smaller 
risk  of  a  permanent  locking  up,  but  at  the  same  time,  owing 
to  a  less  satisfactory  distribution  in  the  soil,  there  will  be  a 
reduction  in  the  effectiveness  of  the  fertilizer  in  the  first 
season.  To  this  end,  basic  forms  of  superphosphate  are  now 
being  produced the  usual  base  is  quicklime,  which  not  only 
effects  reversion  (as  di-  and  tri-calcium  phosphate)  but  materi¬ 
ally  improves  the  physical  condition  of  the  fertilizer.  Other 
basic  materials  used  are  basic  slag,  ground  serpentine  and 
ground  rock  phosphate. 

Bone  Fertilizers 

Bones  consist  of  tri-calcium  phosphate  impregnated  with 
proteins,  fats,  waxes  and  mucilages.  Ossein,  the  chief  protein 
in  bones,  is  the  source  of  gelatine,  and  the  fats  also  are  useful 
for  many  industrial  purposes.  After  the  recovery  of  one  or 
more  of  these  constituents,  the  residues  are  used  as  fertilizers. 
These  include  : 

Dissolved  Bone,  which  is  manufactured  by  treating  dried, 
degreased  bones  with  sulphuric  acid  in  a  manner  analogous 
to  the  manufacture  of  superphosphate ;  the  amount  of  acid 
used  is  sufficient  to  convert  about  one-half  of  the  phosphate 
into  the  water-soluble  form  (CaH4(P04)2).  The  fertilizer 
contains  from  7  per  cent  to  8  per  cent  of  P205  in  this  form 
and  a  similar  amount  of  tri-calcium  phosphate  ;  in  addition 
there  are  from  2  per  cent  to  3  per  cent  of  nitrogen,  of  which 
two-thirds  is  in  the  form  of  amides  and  amino-acids,  plus  a 
small  amount  of  ammonium  sulphate,  the  remainder  being 
in  the  form  of  unchanged  protein.  Dissolved  bone,  there¬ 
fore,  supplies  both  phosphate  and  nitrogen,  both  being  present 
in  varying  states  of  availability. 

Bone  Superphosphate,  which  is  now  little  used,  consists 
ot  a  mixture  in  approximately  equal  proportions  of  super- 
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phosphate  and  crushed  degreased  bones.  The  addition  of  the 
bone  meal  improves  the  physical  condition  but  has  no  other 
advantage. 

Bone  Meal,  which  is  the  residual  bones  reduced  by  crush¬ 
ing  to  a  meal,  after  the  removal  of  the  fats  by  suitable  solvents. 
It  contains  about  21  per  cent  of  P205  (as  Ca3(P04)2)  and  up 
to  4J  per  cent  of  nitrogen  in  the  protein  form.  The  nitrogen 
in  bone  meal  is  slow  acting  and  the  availability  of  the  phos¬ 
phate,  being  insoluble  in  water,  is  less  than  that  of  super¬ 
phosphate.  The  fertilizer  is,  however,  popular  with  market 
gardeners  and  is  valued  for  the  gradual  and  steady  release 
of  its  plant-food  constituents.  Quarter-inch  and  half-inch 
bones  are  identical  with  bone  meal  except  in  particle  size. 

Steamed  Bone  Flour  consists  of  the  residue  after  removal 
of  both  gelatine  and  fats  ;  it  contains  about  28  per  cent 
of  P206  and  up  to  1  per  cent  of  nitrogen.  It  is  sometimes 
called  steamed  bone  meal ,  but  this  term  is  liable  to  cause 
confusion.  The  individual  particle  in  steamed  bone  flour  is 
much  smaller  than  that  in  bone  meal  and  therefore  more 
quickly  available.  This  fertilizer  is  most  suitable  for  the 
heavier  types  of  soil,  but  is  widely  used  in  compound  fertilizers 
in  which  it  acts  as  an  efficient  drier. 

Precipitated  Bone  Phosphate.  One  method  for  the 
recovery  of  gelatine  from  bones  is  to  subject  degreased  bones 
to  the  action  of  dilute  hydrochloric  acid  of  approximately 
normal  strength.  Tri-calcium  phosphate  is  converted  into 
the  soluble  “  mono  ”  salt,  and  this  is  removed  as  a  precipitate 
of  di-calcium  phosphate  by  the  addition  of  the  calculated 
quantity  of  milk  of  lime  : 

CaH4(P04)2  4-  Ca(OH)2  ->  Ca2H2(P04)2  +  2H20 

The  precipitate  is  almost  white  in  colour  and  as  a  fertilizer 
is  very  readily  available  ;  the  individual  particle  is  very 
small  in  size  and,  although  insoluble  in  water,  is  completely 
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soluble  in  2  per  cent  of  citric  acid.  It  contains  about  35  per 
cent  of  P205. 

Spent  Bone  Charcoal.  Contains  about  80  per  cent  of  tri- 
calcium  phosphate  (35  to  40  per  cent  of  P205)  and  10  per  cent 
of  carbon ;  it  is  a  by-product  of  sugar-refining  factories. 

Rock  Phosphates 

Phosphorite  or  amorphous  rock  phosphate  occurs  in  many 
parts  of  the  world.  There  are  large  deposits  in  Florida, 
Tennessee,  South  Carolina,  Idaho,  and  other  states  in  the 
U.S.A.,  in  Morocco,  Algeria,  Tunisia  and  Egypt,  and  in 
several  Pacific  Islands,  such  as  Nauru,  Ocean  and  Marshall 
Islands.  Less-important  deposits  are  found  also  in  Russia, 
Belgium,  France  and  England.  These  rocks  contain  varying 
quantities  of  calcium  phosphate,  sesquioxides,  calcium  carbon¬ 
ate,  calcium  fluoride  and  silica.  Gafsa  (Tunisia)  phosphate, 
for  example,  contains  the  following  amounts  : 


Per  cent 
27-5-31-2 
11-5-140 
6-6 


P205  expressed  as  Ca3(P04)2 
Calcium  carbonate 
Calcium  fluoride 
Sesquioxides 

Silica  .... 


1-2 

6 


The  phosphate  is  present  partly  as  a  silico-phosphate,  but 
mainly  as  tri-calcium  phosphate  and  apatite. 

Ground  Mineral  Phosphate.  In  addition  to  being  the 
source  of  superphosphate  and  other  fertilizers,  these  rocksVe 
used  directly  as  fertilizers  in  the  finely  ground  form.  Their  , 
phosphate  is  less  readily  available  than  the  fertilizers  previ- 
ously  mentioned,  but  they  are  fairly  effective  on  heavy, 
moist  soils,  even  for  root  crops.  Their  efficiency  depends  to 
a  large  extent  on  the  fineness  of  grinding,  and  they  vary  in 
P205  content  from  40  per  cent  to  below  20  per  cent,  some 
of  the  most  important  being  Nauru  (38  per  cent),  Florida 
(33  per  cent),  Constantine  (30  per  cent)  and  Gafsa  (27  per  cent). 


l.A.O. 
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Silico- phosphate.  This  is  the  material  produced  by 
roasting  ground  mineral  phosphate  with  small  amounts  of 
sodium  carbonate  and  sand,  with  sulphur,  or  with  magnesium 
silicate  (serpentine).  A  German  product  produced  by  roast¬ 
ing  mineral  phosphate  with  sand  and  serpentine  is  said  to 
contain  a  calcium-magnesium  silico-phosphate  of  the  formula 
Mg0,5Ca0,P205,Si02.  Such  products  also  contain  appreciable 
quantities  of  free’ quicklime,  for  which  reason  they  are  not 
suitable  for  use  in  fertilizer  mixtures  containing  ammonium 
salts.  Silico-phosphate  produced  by  soda  treatment  contains 
phosphate  in  very  available  form.  Unpublished  trials  carried 
out  under  the  direction  of  Rothamsted  in  194(Mt,  show  that 
its  P205  is  at  least  as  available  as  that  in  superphosphate. 
The  amount  of  P205  present  is  about  32  per  cent,  but  it 
varies,  of  course,  with  the  grade  of  rock  phosphate  used. 
These  materials  promise  to  be  useful  when  applied  in  a 
combine  drill. 

Calcium  Metaphosphate,  Ca(P03)2,  is  manufactured  by 
the  Tennessee  Valley  Authority,  by  passing  fumes  of  phos¬ 
phorus  pentoxide  over  heated  ground  mineral  phosphate. 
The  tri-calcium  phosphate  reacts  with  the  pentoxide  to  form 
metaphosphate. 

2P205  +  Ca3(p04)2  ->  3Ca(P03)2 

Calcium  metaphosphate  thus  produced  is  a  hard  crystalline 
material,  difficult  to  grind,  and  insoluble  in  water.  It  con¬ 
tains  the  equivalent  of  64  per  cent  of  P205  and  is  the  most 
concentrated  of  all  the  phosphatic  fertilizers.  It  is  reported 
to  be  a  very  efficient  source  of  phosphate  in  the  States,  and 
in  this  country  it  has  been  found  efficient  in  the  western 
counties,  but  much  less  so  in  the  drier  eastern  half  of  the 
country.  Mixed  with  twice  its  weight  of  ground  limestone, 
it  is  known  as  “  Metaphos  ”,  which  contains  21  per  cent 

of  P206. 
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Basic  Slag 

In  the  iron  and  steel  industries  two  forms  of  slag,  both 
basic,  are  obtained  as  by-products  ;  the  one  is  obtained  in 
the  process  of  manufacturing  pig-iron  from  iron  ore,  and 
contains  little  or  no  phosphorus.  This  material,  conveniently 
termed  “  blast-furnace  slag  ”,  has  a  value  as  a  liming  material 
and  is  referred  to  in  Chapter  13.  The  other  is  basic  slag, 
a  by-product  in  the  conversion  of  pig-iron  into  steel,  which 
may  contain  between  4  per  cent  and  20  per  cent  of  P205. 
Only  those  containing  8  per  cent  of  P205  or  more  are  used 
for  fertilizer  purposes. 

Pig-iron  contains  varying  quantities  of  the  non-metals, 
carbon,  silicon,  sulphur,  and  phosphorus,  the  bulk  of  which 
must  be  removed  to  give  the  finished  steel  the  necessary 
tensile  strength.  There  are  two  processes  for  doing  this, 
namely,  the  Bessemer  process  and  the  Open  Hearth  Process. 

In  the  Bessemer  process,  air  is  blown  through  molten 
pig-iron  contained  in  a  pear-shaped  converter  lined  with 
dolomite.  The  air  oxidizes  the  non-metals,  the  combustion 
of  which  causes  a  marked  and  desirable  rise  in  the  tem¬ 
perature  of  the  iron  ;  the  oxides  formed  combine  with  the 
lime  added  in  requisite  amount  to  the  charge,  and  the  com¬ 
pounds  formed  float  as  a  scum  on  the  surface  of  the  steel. 
At  the  completion  of  the  oxidation  process,  the  slag  is  poured 
off  by  tilting  the  converter.  When  cool,  the  slag  is  ground 
to  a  fine  powder  and  bagged.  This  slag  contains  18  per  cent 
to  20  per  cent  of  P205  and  is  highly  soluble  in  2  per  cent 
of  citric  acid,  usually  above  85  per  cent. 

The  open  hearth  process,  which  has,  to  a  large  extent, 
superseded  the  older  Bessemer  process  in  this  country,  pro¬ 
duces  a  slag  that  is  not  as  rich  in  phosphate  nor  on  the  whole 
so  effective  as  Bessemer  slag.  In  this  process  the  bulk  of 
the  oxygen  required  for  oxidation  purposes  is  derived  from 
iron  ore  which  is  added  to  the  charge  along  with  lime,  the 
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remaining  oxygen  being  derived  from  the  oxidizing  gases  of 
the  furnace.  As  an  external  source  of  heat,  producer  gas  is 
employed.  A  high  phosphorus  content  in  the  pig-iron  is 
less  necessary  than  in  the  Bessemer  process  and  consequently 
a  slag  less  rich  in  phosphorus  is  produced.  The  grade  of  slag 
produced  in  the  open  hearth  process  rarely  exceeds  15  per  cent 
of  P205  and  is  often  under  10  per  cent,  but  it  is  otherwise 
similar  to  Bessemer  slag.  Two  or  three  charges  of  lime  may 
be  added  during  the  course  of  the  process,  and  as  the  per¬ 
centage  of  lime  increases,  particularly  when  much  sulphur  is 
present,  the  slag  becomes  viscous  and  difficult  to  remove. 
A  flux  of  fluorspar  is  then  added  to  induce  the  necessary 
fluidity,  and  the  slag  thus  formed,  besides  being  poorer  in 
P205  (usually  between  7  per  cent  and  13  per  cent)  is  much  less 
soluble  in  2  per  cent  of  citric  acid.  Sillars  gives  an  instance 
where  the  addition  of  fluorspar  reduced  the  citric  solubility 
from  75-22  per  cent  to  34-77  per  cent. 

There  are,  therefore,  three  types  of  basic  slag  obtainable. 
Russell  summarizes  them  thus  : 

(1)  Bessemer  slag,  containing  about  20  per  cent  of  P205. 

(2)  Open  hearth  basic  slag,  7  to  14  per  cent  of  P205. 

(The  phosphorus  in  these  types  is  highly  soluble  in 

2  per  cent  citric  acid.) 

(3)  Open  hearth  basic  slag,  7  to  10  per  cent  of  P205,  in 

the  manufacture  of  which  calcium  fluoride  has  been 

used. 

(This  type  is  of  a  low  solubility  in  citric  acid.) 

Composition  of  Basic  Slag.  Probably  none  of  the  phos¬ 
phorus  in  slag  is  present  as  tri-calcium  phosphate.  W aggaman 
and  Easterwood  suggest  the  chief  phosphate  is  tetra-calcium 
phosphate,  Ca0,Ca3(P04)2,  whilst  Bainbridge  supposes  it  to 
be  a  silico-phosphate,  Ca3(P04)2,2Ca0,Si02.  In  fluor-slag,  it 
is  probable  that  much  of  the  phosphate  is  present  in  the  form 
of  apatite,  3Ca3(P04)2,CaF2. 
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Silicates  of  calcium  and  oxides  of  calcium,  iron,  aluminium, 
manganese  and  vanadium  are  also  present  in  varying  quanti¬ 
ties.  Free  calcium  oxide  may  reach  10  per  cent  in  amount 
and  this,  along  with  calcium  silicate,  imparts  a  considerable 
“  lime  ”  value  to  slag,  1  cwt.  of  which  may  be  almost  equiva¬ 
lent  to  1  cwt.  of  ground  limestone  in  its  effects  on  soil  acidity. 

Fertilizer  Value  of  Slag.  As  a  source  of  phosphate  to  plants 
the  best  basic  slag  compares  favourably  with  superphosphate 
when  applied  to  good-bodied,  slightly  acid  soils,  but  it  is  not 
so  effective  on  light,  calcareous  soils  in  districts  of  low  rain¬ 
fall.  The  inferior  type  of  slag  is  more  comparable  with 
ground  mineral  phosphate.  An  important  factor  in  the 
effectiveness  of  slag  is  its  fineness  of  division,  and  on  the 
sale  of  slag  the  percentage  which  passes  through  the  prescribed 
sieve  as  well  as  its  total  phosphate  content  must  be  stated. 

Although  the  chief  value  of  slag  lies  in  the  phosphate  and 
to  a  certain  extent,  in  its  lime  value,  some  of  its  effects  may 
be  due  to  the  other  elements  it  contains  such  as  manganese, 
vanadium  and  titanium.  Manganiferous  slags  have  been 
tried  as  correctives  for  grey  speck  disease  in  oats  and  for 
other  manganese-deficiency  diseases,  but  their  effects  have 
not  been  very  marked,  nor  is  this  surprising,  for  under  the 
soil  conditions  conducive  to  manganese  deficiency,  the  man¬ 
ganese  in  slag  must  remain  very  unavailable. 

Citric  Solubility  of  Slag.  Although  it  is  not  obligatory  on 
the  seller  of  basic  slag  to  state  its  solubility  in  2  per  cent 
citric  acid,  this  property  is  important  and  is  a  reasonably 
fair  estimate  of  the  availability  to  crops  of  its  phosphate. 
A  large  number  of  experiments,  mainly  on  grassland,  but 
also  on  arable  crops,  have  shown  that  a  slag  of  high  solubility 
is  much  more  effective  than  an  equivalent  amount  of  a  slag 
of  low  solubility,  both  in  the  year  of  application  and  after 
a  period  of  some  years.  The  following  table,  compiled  by 
Russell,  summarizes  the  results  of  several  experiments  carried 
out  by  the  Agricultural  Education  Association  in  1929-32. 
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Table  9 


Yield  of  Hay  ( cwt .  per  acre) 


1st  Year. 

2nd  Year. 

3rd  Year. 

4th  Year. 

High  soluble  slag  . 

38-1 

409 

36-5 

30-4 

Low  soluble  slag 

302 

35-2 

31-7 

29-0 

No  phosphate  . 

31-5 

300 

25-7 

230 

Russell  observed  that  not  only  is  the  yield  of  hay  con¬ 
sistently  higher  when  high  soluble  slag  is  used,  but  that  the 
uptake  of  P205  by  the  crop  and  therefore  its  feeding  value 
is  higher. 

Compound  Fertilizers,  containing  phosphorus — see  page 
148. 


POTASSIC  FERTILIZERS 

In  British  soils  crop  failures  due  to  potash  deficiency  are 
much  less  common  than  those  caused  by  deficiencies  of 
phosphorus  or  nitrogen.  Pastures  rarely  need  potash  because 
the  grazing  animals  void  all  the  potash  they  consume ; 
meadows  regularly  dressed  with  farmyard  manure  are  also 
usually  satisfactorily  supplied.  Potash  deficiency  is  common 
only  in  arable  farms  where  a  large  proportion  of  the  crops 
is  sold  off,  and  in  these  cases  it  is  not  confined  to  fight, 
sandy  soils  and  chalk  soils,  as  is  generally  supposed.  It  is 
true  that  clay  soils  contain  very  large  quantities  of  “  total  ” 
potassium,  but  the  availability  of  this  potassium  is  dependent 
on  the  type  of  mineral  of  which  it  is  a  part,  and  the  rate 
at  which  that  mineral  is  weathered. 

The  most  important  world  sources  of  potassic  fertilizers 
are  the  deposits  in  Stassfurt  (Germany)  and  in  Alsace  (France) ; 
less  important  deposits  are  being  worked  in  Galicia  (Ukraine), 
in  Catalonia  (Spain)  and  Erythrea  (Italy).  These  are  probably 
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of  marine  origin  and  represent  the  crystallized  salts  of  dried 
inland  seas  and  lakes.  Many  salt  lakes  and  salt  marshes 
are  found  in  arid  regions  from  which  the  water  has  been 
partially  evaporated  and  where  both  crystallized  deposits  and 
the  brine  are  being  exploited  for  potash  and  other  constituents. 
The  deposits  of  the  Searles  Flat  and  other  dried  lakes  in 
California  and  the  brine  of  the  Great  Salt  Lake  and  of  the 
Dead  Sea  (both  containing  about  20  per  cent  of  soluble  salt) 
are  being  increasingly  used  as  sources  of  potash  fertilizers. 
The  German  and  French  deposits  are,  however,  sufficiently 
large  to  meet  world  demands,  at  the  present  rate  of  use,  for 
many  centuries  to  come,  and  the  rival  sources  of  potash 
have  been  developed  mainly  as  a  result  of  cutting  off  European 
supplies  during  the  Great  Wars. 

At  Stassfurt  the  potassium  salts  consist  mainly  of  layers 
of  carnallite  (KCl,MgCl2,6H20),  kainite  (KCl,MgCl2,MgS04) 
and  polyhalite  (2CaS04,K2S04,MgS04,2H20)  mixed  with  rock 
salt  (NaCl)  and  anhydrite  (CaS04).  They  occur  at  depths 
below  the  surface  exceeding  800  feet  and  are  superimposed 
by  thick  strata  of  rock  salt  and  anhydrite.  The  crude  salts 
at  Stassfurt  contain  9  per  cent  to  13  per  cent  of  potash  (K20) 
with  some  samples  reaching  15  per  cent.  In  Alsace  the 
deposits  are  generally  similar  to  those  at  Stassfurt,  but  occur 
at  deeper  levels  ;  they  are  richer  in  potash  and  much  less 
rich  in  magnesium  salts.  The  chief  mineral  is  sylvinite 
(KCl,NaCl),  with  an  admixture  of  rock  salt,  containing  the 
equivalent  of  15  per  cent  of  K20.  A  proportion  of  these 
minerals  is  marketed,  as  mined,  under  the  name  Kainit ;  the 
remainder  of  the  production  is  used  for  preparing  mixtures 
of  salts  by  crystallization,  much  richer  in  potassium. 

Sylvinite,  a  double  salt  of  potassium  and  sodium,  may  be 
used  as  an  illustration  of  the  methods  used  for  manufacturing 
the  more  concentrated  potassic  fertilizers.  At  low  tempera¬ 
tures  (15°  C.)  the  solubilities  in  water  of  potassium  chloride 
and  sodium  chloride  are  similar  (33  and  36  gs.  per  100  gs.), 
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whereas  at  100°  C.  they  are  very  different  (56  and  39  gs. 
respectively).  Hence  by  cooling  a  hot  saturated  solution  of 
the  double  salt,  a  crop  of  crystals  rich  in  KC1  and  relatively 
poor  in  NaCl  will  be  obtained  ;  reboiling  of  the  mother 
liquor  and  maintaining  it  at  the  boil  will  yield  crystals  of 
pure  NaCl  until  the  solution  becomes  saturated  once  more 
with  KC1.  On  cooling  again,  KOI  will  crystallize  out  along 
with  a  small  percentage  of  NaCl.  Thus  by  adjusting  the 
conditions  of  crystallization  (in  vacuum  pans)  a  wide  variety 
of  mixtures  can  be  obtained. 

Kainit  (10-15  per  cent  of  K20).  German  kainit  contains 
about  20  per  cent  of  KC1,  together  with  about  50  per  cent  of 
NaCl  and  15  per  cent  of  MgS04.  French  kainit  contains 
24  per  cent  of  KC1  with  more  than  60  per  cent  of  NaCl  and 
traces  of  magnesium  salts.  As  is  the  case  with  all  potash 
fertilizers,  it  is  necessary  for  the  seller  to  state  only  the  per¬ 
centage  of  potash  contained  in  kainit,  but  there  is  no  doubt 
that  some  of  the  effects  of  the  fertilizer  are  due  to  the  sodium 
chloride  it  contains.  In  this  country  it  is  favoured  for 
mangolds  and  sugar-beet,  to  which  it  is  applied  at  the  rate 
of  4  or  5  cwt.  per  acre.  Other  crops  for  which  it  is  suitable 
are  forage  crops  and  swedes,  but  it  is  not  the  best  potash 
fertilizer  for  potatoes.  Considerable  use  has  been  made  of 
powdered  kainit  for  the  destruction  of  broad-leaved  weeds, 
particularly  charlock,  in  corn  crops,  and  for  this  purpose  it 
is  applied  at  the  rate  of  8  cwt.  per  acre.  Heavy  applications 
of  kainit  or  smaller  applications  frequently  repeated  are 
liable  seriously  to  impair  the  texture  or  the  tilth  of  clay  and 
loam  soils. 

Potash  Salts.  Three  distinct  fertilizers  are  marketed 
under  this  name  ;  the  first  two,  20  per  cent  and  30  per  cent 
potash  salts,  have  been  widely  used  in  Great  Britain,  and  the 
40  per  cent  grade  in  Germany.  Like  kainit,  they  are  mixtures 
of  the  chlorides  of  potassium,  sodium,  and  magnesium,  with 
some  magnesium  sulphate.  The  amount  of  potassium  chloride 


POTASSIC  FERTILIZERS  145 

varies  from  33  per  cent  to  66  per  cent  and  the  amounts  of 
common  salt  are  correspondingly  less. 

Muriate  of  Potash  (50-60  per  cent  of  KaO).  This  fertilizer 
is  an  impure  form  of  potassium  chloride,  the  chief  impurity 
being  common  salt.  It  is  the  most  concentrated  of  the 
potassic  fertilizers  and  the  consequent  convenience  of  trans¬ 
port  and  handling  is  the  only  advantage  it  possesses  over 
the  other  chloride  fertilizers. 

During  the  war,  when  German  and  French  sources  were 
cut  off,  muriate  of  potash  was  the  only  potassic  fertilizer 
imported  by  this  country.  The  bulk  of  the  imports  came 
from  America,  but  considerable  amounts  came  also  from  the 
Dead  Sea  area.  This  form  of  muriate  of  potash  contains 
about  95  per  cent  of  KC1,  corresponding  to  60  per  cent  -of  K20. 

Muriate  of  potash  is  rarely  used  for  cereals,  though  it  is 
sometimes  used  at  1  cwt.  per  acre  for  barley  and  is  said  to 
improve  the  malting  quality ;  barley,  moreover,  is  the  most 
sensitive  of  all  the  corn  crops  to  potash  deficiencies,  and 
where  such  deficiencies  occur,  marked  increases  in  yield  result 
from  application  of  potash.  The  strength  of  the  straw  also 
is  increased  by  potassic  manuring,  and  the  risk  of  lodging  of 
corn  crops  is,  therefore,  reduced.  Muriate  is,  however,  mainly 
applied  to  root  crops,  vegetables  and  flax,  at  rates  varying 
between  1  and  3  cwt.  per  acre.  Under  rationing  regulations 
during  the  war,  muriate  of  potash  may  be  applied  only  to 
certain  crops,  at  rates  varying  between  \  cwt.  per  acre  for 
beans  to  2  cwt.  per  acre  for  potatoes  ;  other  crops  receive 
potash  if  it  is  established  that  the  soil  is  acutely  deficient. 

Muriate  of  potash  is  not,  however,  so  suitable  as  the  sulphate 
salt  for  application  to  potatoes  or  tomatoes.  Experiments 
at  Rothamsted  and  in  Germany  have  shown  that  the  sulphate 
gives  a  higher  yield  of  potatoes,  richer  in  dry  matter  and  in 
starch  than  does  the  chloride.  Excess  of  muriate  (i.e.  6  cwt. 
per  acre)  in  the  top  dressing  for  tomatoes,  causes  severe 
damage,  the  leaves  wilting  and  dying  in  a  few  hours. 
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Sulphate  of  Potash  (48  per  cent  of  K20)  is  manufactured 
either  by  crystallization  from  a  water  extract  of  polyhalite, 
or  from  potassium  chloride.  It  is  more  expensive  than 
muriate  of  potash,  and  its  use  is  largely  confined  to  the 
potato  crop,  and  to  tomatoes  and  other  market-garden  crops, 
for  the  production  of  high-quality  crops. 

Sulphate  of  Potash-Magnesia  (26  per  cent  of  K20)  is 
a  mixture  of  the  sulphates  of  potassium  and  magnesium. 
This  fertilizer  is  popular  in  Germany,  but  is  rarely  used  in 
this  country.  It  should  prove  a  useful  fertilizer  for  glasshouse 
crops,  especially  tomatoes. 

Home  Sources  of  Potash 

Blast-furnace  Flue  Dust.  The  raw  materials  in  a  blast 
furnace  contain  potassic  minerals  equivalent  to  about  15  lbs. 
of  K20  per  ton  of  pig  iron  produced  ;  about  4  lbs.  are  volati¬ 
lized  and  pass  out  of  the  furnace  with  the  gaseous  effluent. 
Approximately  1  lb.  is  deposited  in  the  flues,  the  remainder 
escaping  into  the  atmosphere.  Hence,  only  about  6  per  cent 
or  7  per  cent  of  the  potash  fed  into  the  furnace  is  recoverable 
in  the  flues.  Potash  in  flue  dust  may  vary  between  1  per  cent 
and  12  per  cent  and  averages  6  per  cent ;  it  is  present  mainly 
as  chloride  and  sulphate,  with  some  carbonate  and  traces  of 
cyanide.  Zinc  and  lead  sulphides  may  also  be  present, 
occasionally  in  harmful  amounts,  so  that  when  flue  dust  is 
to  be  used  as  fertilizer  it  is  necessary  to  ensure  that  toxic 
materials  are  absent  or  present  only  in  trace  amounts. 

The  flue  dust  of  industrial  boilers  where  the  temperature 
of  combustion  is  relatively  low,  is  almost  useless  as  a  source 
of  potash. 

Cement -Kiln  Dust.  For  each  ton  of  cement  produced 
about  3  lbs.  of  potash  escape  in  the  volatile  condition  ;  the 
dust  from  a  cement  kiln  may  contain  12  per  cent  or  more 
of  K20  in  the  form  mainly  of  carbonate  and  silicate ;  toxic 
materials  are  usually  absent. 
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Wood  Ash.  Up  to  a  century  ago,  before  the  discovery  of 
the  potassic  minerals  at  Stassfurt,  wood  ashes  were  the  chief 
world  source  of  potassium  carbonate,  and  were  commonly 
used  as  a  fertilizer.  The  industry  of  manufacturing  pot¬ 
ash  ”  and  “pearl-ash”  still  flourishes  in  certain  lumber 
camps  in  Canada  and  elsewhere.  The  ash  of  mature  wood 
varies  in  potash  content  from  2  per  cent  to  over  20  per  cent 
and  averages  about  7  per  cent.  It  is  present  mainly  as 
carbonate,  and  is  therefore  highly  soluble  ;  wood  ashes  also 
contain  about  2  per  cent  of  P205  and  upwards  of  30  per  cent 
of  CaO.  The  ash  should  be  stored  under  cover  or  applied 
to  the  land  immediately  on  production. 

Hedge  clippings  and  other  vegetable  matter  yield,  on  burn¬ 
ing,  an  ash  rich  in  potash.  The  produce  of  an  acre  of  bracken 
land  for  instance,  if  cut  and  burned  in  July,  may  yield  an 
ash  containing  the  equivalent  of  5  cwt.  of  muriate  of  potash. 

Kelp.  In  Scotland  the  term  “  kelp  ”  indicates  the  ash 
produced  by  the  slow  combustion  of  dried  seaweed.  In 
U.S.A.  the  term  is  applied  to  the  fresh  weed. 

Kelp  is  valuable  as  a  source  of  potash  and  of  iodine,  deep- 
sea  plants  being  more  valuable  than  those  near  the  shore. 
In  Scotland  the  collection  and  drying  of  the  seaweed  takes 
place  in  the  spring  and  summer  months  and  burning  takes 
place  in  winter.  The  burning  takes  place  in  open  shallow 
kilns,  and  from  5  tons  of  the  dried  weed  1  ton  of  “  kelp  ” 
is  produced.  This  contains  sulphate  and  chloride  of  potas¬ 
sium  equivalent  to  about  20  per  cent  of  K20,  smaller  amounts 
of  sodium  salts  and  about  1-5  per  cent  of  KI.  The  ash  may 
be  used  directly  as  a  fertilizer  ;  more  often  it  is  extracted 
with  water  for  the  recovery  by  crystallization  of  the  salts 
in  a  more  pure  form. 
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Since  all  crops  require  some  nitrogen  and  phosphate  and 
potash,  and  since  it  is  convenient  to  apply  the  three  in  one 
operation,  it  is  natural  that  the  three  types  of  fertilizer 
should  be  on  sale  in  the  ready-mixed  condition.  A  very 
large  variety  of  such  compound  fertilizers  is  obtainable ; 
they  differ  one  from  another  not  only  in  the  relative  propor¬ 
tions  of  each  constituent  (to  suit  the  supposed  needs  of  various 
crops)  but  also  in  availability.  Some  compounds  may  con¬ 
tain  their  nitrogen  and  phosphate  wholly  in  the  organic 
form,  whilst  others  may  be  wholly  inorganic.  National 
Growmore  Fertilizer,  for  example,  contains  7  per  cent  of 
each  of  N,  P205  and  K20,  and  is  composed  mainly  of  sulphate 
of  ammonia,  superphosphate,  and  muriate  of  potash.  It  is 
a  great  convenience  for  farmers  to  have  their  fertilizer  mixture 
prepared  for  them  in  this  manner,  but  if  facilities  and  labour 
for  mixing  on  the  farm  are  available,  a  saving  in  cost  will 
result.  Moreover,  the  farmer  knows  the  constituents  of  his 
own  mixture,  the  character  of  which  is  not  always  declared 
in  purchased  mixtures,  and  he  can  modify  the  proportions 
at  will  to  suit  the  known  requirements  of  his  various  fields. 
On  the  other  hand,  mixing  by  hand  on  a  farm  is  never  as 
efficient  as  that  done  by  machinery,  and  again  the  modern 
trend  towards  granulating  the  mixture  adds  to  the  convenience 
and  keeping  quality  in  storage. 

Concentrated  Compound  Fertilizers.  Since  1925 
another  and  a  more  concentrated  type  of  mixed  fertilizer 
has  appeared  and  has  grown  in  popularity  ever  since.  This 
type  is  manufactured  in  a  granular  form  at  Billingham-on- 
Tees,  and  is  based  on  mono-ammonium  phosphate,  which 
itself  is  a  compound  fertilizer  and  which  can  be  compounded 
with  ammonium  sulphate  to  give  a  series  of  N.P.  compounds, 
or  with  ammonium  sulphate  and  potash  fertilizers  to  give  a 
series  of  N.P.K.  compounds. 
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Mono-Ammonium  Phosphate ,  NH4H2P04.  The  pure  salt 
contains  12*2  per  cent  of  nitrogen  and  61*7  per  cent  of  P205. 
The  commercial  salt  manufactured  in  this  country  contains 
12*3  per  cent  of  nitrogen  and  56  per  cent  of  P206.  That 
imported  from  Canada  contains  about  11  per  cent  and  48  per 
cent  respectively. 

Mono-ammonium  phosphate  is  manufactured  by  the  action 
on  ground  rock  phosphate  of  sulphuric  acid  to  which  the 
necessary  amount  of  ammonium  sulphate  has  been  added. 
The  reaction  may  be  represented  thus  : 

Ca3(P04)2  +  2H2S04  +  (NH4)aS04  -*  2NH4H2P04  +  3CaS04 

The  precipitate  of  calcium  sulphate  is  removed  by  filtration 
and  the  filtrate  evaporated  to  yield  crystals  of  ammonium 
phosphate  mixed  with  a  little  ammonium  sulphate.  1  cwt. 
of  this  fertilizer  supplies  as  much  plant  food  as  3  cwt.  of 
superphosphate  and  \  cwt.  of  sulphate  of  ammonia  ;  it  is 
completely  soluble  in  water  and  both  radicles,  the  ammonium 
and  the  phosphate,  are  readily  available  to  crops.  Like  all 
water-soluble  phosphates,  its  phosphate  is  precipitated  in  the 
soil  as  calcium  or  iron  phosphate  and  the  ammonium  ion  is 
retained  by  the  soil  colloids.  There  is  thus  little  risk  of 
loss  of  plant  food  in  the  drainage  when  using  this  fertilizer 
until  nitrates  are  produced  from  the  ammonia. 

Diammonium  Phosphate ,  (NH4)2H2P04,  called  Ammo-Phos 
in  the  United  States  and  Leunaphos  in  Germany,  is  less 
stable  than  the  mono-salt  and  more  costly  to  manufacture. 
It  does  not  appear  to  possess  any  appreciable  advantage  over 
the  mono-salt. 

Mixing  of  Fertilizers.  Of  the  total  amounts  of  the  super¬ 
phosphate  and  sulphate  of  ammonia  used  in  this  country, 
about  70  per  cent  of  each  are  applied  in  the  form  of  compound 
fertilizers.  Any  mixture  containing  superphosphate,  however, 
is  liable  to  set  into  a  hard  mass  on  standing  (and  the  incorpora¬ 
tion  of  potash  fertilizer,  especially  those  rich  in  common  salt 
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increases  this  tendency),  and  it  is  usual  therefore  to  add  to 
the  mixture  a  small  percentage  of  a  drier,  such  as  steamed 
bone  flour  or  ground  phosphate.  1  cwt.  of  such  drier  is 
sufficient  to  “  dry  ”  about  6  cwt.  of  superphosphate. 

Some  samples  of  superphosphate  contain  free  acid,  conse¬ 
quently  they  are  not  suitable  for  mixing  with  nitrate  fertilizers 
owing  to  the  risk  of  the  formation  of  nitric  acid  and  its 
consequent  loss. 

Fertilizers  containing  free  lime  such  as  basic  slag,  silico- 
phosphates,  cyanamide  or  wood  ashes  should  not  be  incor¬ 
porated  in  mixtures  containing  sulphate  of  ammonia  or 
other  ammonium  compounds.  In  the  presence  of  small 
amounts  of  moisture,  a  serious  loss  of  ammonia  will  result : 

(NH4)aS04  4-  CaO  —>•  2NH3  +  CaS04  +  H20 

Basic  slag,  being  of  a  much  higher  density  than  most  other 
fertilizers,  is  not  a  suitable  constituent  of  a  mixture  intended 
for  drilling.  The  vibration  of  the  drill  will  cause  an  appreci¬ 
able  mechanical  separation  of  the  constituents  of  the  mixture 
during  its  application.  It  is,  however,  sometimes  sold  mixed 
with  a  potassic  fertilizer  under  the  name  potassic  slag,  and 
similar  mixtures  like  potassic  superphosphate  and  potassic 
mineral  phosphate,  of  varying  composition,  also  have  been 
popular. 

The  Valuation  of  Compound  Fertilizers.  On  the  sale 

of  a  compound  fertilizer  it  is  obligatory  by  the  terms  of  the 
Fertilizer  and  Feeding  Stuffs  Act  to  supply  the  following 
information :  the  percentages  of  (1)  Total  nitrogen  (N), 
(2)  Water-soluble  phosphoric  acid  (P205),  (3)  Insoluble  phos¬ 
phoric  acid,  and  (4)  Total  potash  (K20).  With  this  informa¬ 
tion  it  is  possible  to  make  an  estimate  of  the  manurial  value 
of  any  ready-made  mixture  in  comparison  with  that  of  a 
similar  mixture  made  from  “  straight  ”  fertilizers  of  known 
price  per  ton. 

Unit  Price.  On  the  assumption  that  the  manurial  value 
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of  any  single  fertilizer  is  dependent  only  upon  the  amount 
of  the  stated  constituent,  the  comparative  value  of  that 
fertilizer  may  be  obtained  by  dividing  its  price  per  ton  by 
the  figure  representing  the  percentage  of  the  stated  con¬ 
stituent.  Thus,  if  sulphate  of  ammonia,  containing  21  per 
cent  of  nitrogen,  costs  £10  10s.  per  ton,  the  unit  price,  or 
unit  value,  of  the  nitrogen  in  sulphate  of  ammonia  is  10s. 
If  superphosphate,  containing  18  per  cent  of  soluble  phos¬ 
phoric  acid,  costs  £5  8s.  per  ton,  the  unit  price  of  soluble 
P205  is  6s.  and  the  unit  price  of  K20  in  muriate  of  potash 
(60  per  cent  of  K20)  costing  £16  10s.  per  ton,  will  be  5s.  6d. 
A  “  unit  ”  therefore  represents  one  per  cent  of  one  ton,  or 
22-4  lb.,  and  the  unit  price  is  the  value  of  22*4  lb.  of  the 
given  constituent.  By  means  of  this  convention  it  is  possible 
to  compare  the  relative  value  of  any  constituent  in  the 
different  fertilizers  and  also  to  estimate  the  relative  values 
of  different  mixtures.  For  the  latter  purpose  it  is  usual  to 
adopt  the  following  standards  : 

(1)  For  nitrogen  the  current  unit  price  in  sulphate  of 

ammonia,  say  10s. 

(2)  For  soluble  P205,  the  unit  price  in  superphosphate, 

say  6s. 

(3)  For  insoluble  P205,  one-half  the  unit  price  in  super¬ 

phosphate,  say  3s. 

(4)  For  potash,  the  unit  price  in  muriate  of  potash  say 

5s.  6 d. 

If,  therefore,  a  mixed  fertilizer  contains  6  per  cent  of  nitrogen, 
12  per  cent  of  soluble  P205,  2  per  cent  of  insoluble  P205,  and 
8  per  cent  of  potash,  its  manurial  value  can  be  calculated  thur  : 


Value  of  nitrogen 
Value  of  soluble  P205  . 
Value  of  insoluble  P2Os 
Value  of  K20 


£  s.  d. 

6  x  10s.  3  0  0 

12  x  6s.  3  12  0 

2  x  3s.  0  6  0 

8  x  5s.  6d.  2  4  0 

£9  2  0 
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This  figure  by  no  means  coincides  with  the  price  per  ton  of 
the  mixture,  for  to  it  must  be  added  the  cost  of  mixing, 
granulating,  bagging  and  carriage,  additional  charges  which 
should  be  similar  for  all  mixtures. 
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Agricultural  Salt,  NaCl.  Common  salt  has  long  been 
recognized  as  a  useful  fertilizer  for  mangolds.  In  recent 
years  it  has  been  widely  used  with  much  success  for  sugar-beet, 
whilst  other  crops  which  respond  to  salt  are  wheat,  oats, 
barley  and  swedes.  Flax  shows  little  response,  and  the  yield 
of  potatoes  may  be  depressed  by  salt,  though  in  one  East 
Riding  experiment  on  chalk  land,  the  yield  was  increased, 
and  the  potatoes  were  of  as  good  quality  as  those  produced 
without  salt. 

Common  salt  is  usually  applied  at  rates  varying  between 
3  cwt.  and  10  cwt.  per  acre,  either  some  weeks  before  sowing 
the  crop  or  as  a  top  dressing  some  weeks  afterwards.  Appli¬ 
cations  made  at  the  time  of  sowing  are  liable  to  affect  the 
germination  of  the  seed.  Heavy  applications  adversely  affect 
the  tilth  of  clay  and  loam  soils,  but  appear  to  improve  the 
moisture  conditions  of  all  types  of  soil. 

The  manurial  effects  of  salt  appear  to  be  independent  of 
the  amount  of  available  potash  in  the  soil,  and  are  equally 
marked  on  land  rich  in  potash  as  in  land  low  in  potash. 
Moreover,  the  uptake  of  potash  by  a  crop  treated  with  salt 
is  no  greater  than  the  uptake  when  no  salt  is  used,  so  that 
salt  is  effective,  not  because  it  releases  soil  potash,  but  because 
it  can  perform  in  the  plant  some  of  the  functions  usually 
performed  by  potash.  On  the  average  an  application  of 
5  cwt.  of  salt  per  acre  increases  the  yield  of  sugar-beet  by 
about  30  cwt.,  equivalent  to  5  cwt.  of  sugar  ;  higher  rates 
are  no  better  as  the  following  experimental  results  show. 
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Table  10 


Effect  of  Salt  on  the  Yield  of  Sugar-Beel  ( means  of  4  plots) 
Middleton  Quernhow,  Yorks. 

(Adequate  N.P.K.  in  basal  dressing.) 


Rate  of  salt  application  (cwt. /acre)  . 

0 

5 

10 

15 

Yield  washed  beet  (tons/acre)  . 

9-87 

11-76 

11*83 

11-18 

Sugar  (per  cent) . 

17*21 

17-49 

17-60 

17-20 

Yield  sugar  (cwt. /acre)  .... 

34-2 

41-2 

41-6 

38-4 

Manganese  Sulphate,  MnS04.  This  salt  and  the  chloride 
have  been  increasingly  used  since  1930  for  the  control  of 
speckled  yellows,  grey  speck,  marsh  spot,  and  other  manganese- 
deficiency  diseases  affecting  sugar-beet  and  mangolds,  oats 
and  wheat,  brassicae,  and  other  crops.  It  is  best  applied, 
either  in  powder  form  at  a  rate  exceeding  \  cwt.  per  acre, 
or  as  a  2  per  cent  solution  at  a  rate  of  100  gallons  per  acre, 
to  the  growing  crop  as  soon  as  the  symptoms  appear.  When 
applied  in  the  early  stages  of  the  attack,  the  effects  are 
almost  immediate  and  the  cure  is  complete.  Results  are  much 
less  satisfactory  if  the  salt  is  applied  at  the  time  of  sowing 
the  crop.  Manganese  salts  are  effective  only  during  the  year 
of  application. 


Magnesium  Sulphate,  MgS047H20.  Magnesium  de¬ 
ficiency  is  relatively  rare  in  this  country  and  appears  to  be 
commoner  in  the  south  than  in  the  north.  The  most  sus¬ 
ceptible  crops  are  apples,  brassicae  and  tomatoes.  As  much 
as  1  ton  per  acre  of  Epsom  salts  in  basal  dressing  has 
been  found  necessary  to  correct  the  symptoms  in  tomatoes. 
Wallace  alternatively  recommends  spraying  tomatoes  with  a 
per  cent  solution  of  Epsom  salts. 


Borax,  Na2B407.  Boron  is  essential  in  trace  amounts  for 
all  crops.  A  deficiency  causes  such  diseases  as  Heart  Rot 
in  sugar-beet  and  mangolds,  Brown  Heart  (or  Raan)  in 
swedes,  and  Hollow  Stem  in  cauliflower.  An  application  of 
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14  lb.  to  28  lb.  per  acre  of  borax  made  at  the  time  of  sowing 
suffices  to  prevent  attacks.  Larger  dressings  (i.e.  exceeding 
i  cwt.  per  acre)  may  cause  boron  poisoning.  Borax  is  often 
incorporated  in  other  fertilizers  under  names  like  boronated 
slag. 

Sulphur.  This  could  be  used  for  the  reduction  of  alka¬ 
linity  in  soils  suffering  from  manganese  and  boron  deficiencies, 
but  the  amounts  necessary,  often  over  1  ton  per  acre,  to 
reduce  the  pltl  below  7*0,  make  the  treatment  prohibitive 
in  cost. 

Serpentine,  magnesium  silicate.  Lawes  and  Gilbert  showed 
that  sodium  silicate  was  a  useful  fertilizer  and  it  has  since  been 
shown  that  its  effect  is  due  to  an  increase  in  phosphate 
uptake  by  the  plant.  In  recent  years,  serpentine  has  been 
used  in  New  Zealand,  and  is  reported  to  have  a  similar 
influence  on  P205  uptake  ;  it  is  used  in  a  mixture  with  super¬ 
phosphate  in  the  proportion  of  one  part  of  serpentine  to  two 
or  three  parts  of  superphosphate.  Several  experiments  with 
a  similar  mixture  have  been  started  in  this  country,  but  the 
results  are  not  yet  available.  It  may  be  anticipated  that 
owing  to  the  reversion  that  takes  place,  the  effect  of  the 
mixture  will  be  less  than  that  of  an  equivalent  amount  of 
superphosphate  in  the  first  year,  but  that  its  residual  value 
will  be  greater. 


Chapter  13 


LIME  AND  LIMING 

Soil  Sourness.  Under  the  prevailing  climatic  conditions 
in  Great  Britain,  where  precipitation  of  water  exceeds  evapora¬ 
tion,  there  is  a  constant  loss  of  bases  from  the  soils  and  a 
corresponding  increase  in  acidity.  The  loss  of  bases  affects 
every  soil,  regardless  of  the  parent  material  from  which  it 
has  been  derived,  and  lime  deficiency  and  the  conditions  that 
accompany  it,  therefore,  are  possible  in  every  type  of  soil, 
but  are  naturally  more  serious  in  those  derived  from  non- 
calcareous  minerals.  In  Great  Britain,  as  in  other  countries 
where  similar  conditions  prevail,  the  conditions  accompanying 
lime  deficiency  are  the  commonest  causes  of  crop  failure. 
They  are  also  responsible  in  the  aggregate  for  a  serious  diminu¬ 
tion  in  yields  of  crops,  sometimes  unsuspected  by  the  growler, 
and  it  is  computed  that  were  this  soil  sourness  removed,  the 
productivity  of  this  country’s  soil  would  be  increased  by 
between  10  per  cent  and  20  per  cent  under  the  existing 
systems  of  cropping.  The  need  for  lime  in  the  country  is 
enormous,  the  annual  losses  also  are  very  high,  and  it  is 
doubtful  whether  in  any  year,  except  the  peak  year  of  1943, 
the  applications  of  lime  made  have  been  sufficient  to  offset 
the  annual  loss. 

Slight  soil  sourness  is  not  harmful ;  in  fact,  it  may  be 
beneficial.  It  is  only  when  it  reaches  a  certain  level  that 
its  adverse  effects  begin  to  show.  This  level  corresponds  with 
a  pH  value  of  6-0  or  just  below.  A  progressive  increase  in 
soil  acidity  (or  lime  deficiency),  that  is,  a  decrease  in  pH  or 
in  exchangeable  calcium,  will  bring  about  a  steady  diminution 
in  yield  of  all  crops,  until,  when  the  critical  value  for  the 
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crop  is  reached,  it  will  fail  completely.  It  is  well  known 
that  agricultural  crops  differ  in  their  tolerance  towards  soil 
acidity,  among  the  most  tolerant  being  potatoes  and  rye,  and 
among  the  least,  barley  and  sugar-beet.  Observations  made 
on  crops  during  the  past  twenty  years  indicate  that  at  any 
rate  in  the  north  of  England  the  critical  pH  values  for  the 
most  important  agricultural  crops  are  as  follows : 


Barley,  Sugar-beet  ..... 

about  5-4 

Clover  (Broad  Red),  Carrots,  Mangolds  . 

5-3 

Peas,  Cabbages,  Wheat  .... 

51 

Swedes,  Turnips  ..... 

50 

Beans,  Kale  (M.S.)  .... 

4-8 

Oats,  Clover  (Wild  White),  Flax 

4-6 

Rye,  Potatoes  .... 

4-2 

These  values  are,  of  course,  dependent  on  weather  and 
other  conditions  ;  they  are  higher  in  droughty  seasons  (that 
is  the  crops  are  less  tolerant)  and  lower  in  wet  seasons,  but 
only  slightly  different.  The  optimum  pH  for  all  crops  is 
somewhere  between  6-0  and  7’0,  probably  about  6*5,  so  that 
when  lime  is  applied  it  is  not  necessary,  except  in  rare  instances, 
to  make  the  soil  alkaline. 

When  the  acidity  is  sufficiently  pronounced  to  cause  crop 
failure  the  soil  is  said  to  be  “  sour  ”.  One  of  the  symptoms 
of  soil  sourness,  therefore,  is  the  regular  failure  of  the  more 
sensitive  crops.  Indicator  weeds  also  are  useful  symptoms, 
such  as  spurrey  (Spergula  arvensis),  sheep’s  sorrel  ( Ruinex 
acetosella)  and  red  shank  ( Polygonum  persicaria),  but  liming 
does  not  immediately  destroy  these  weeds ;  in  fact,  they 
persist  until  cultivation,  and  the  competition  of  healthy 
crops,  displace  them.  “Finger  and  toe”  (club  root)  in 
brassicae,  a  disease  caused  by  a  fungus,  is  prevalent  in  acid 
soils,  often  in  soils  very  slightly  acid,  and  occasionally  even 
on  slightly  alkaline  soils.  In  grassland  the  absence  of  wild 
white  clover  and  of  the  better  grasses,  like  perennial  rye 
grass  and  timothy,  the  prevalence  of  the  inferior  species 
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( Agrostis ),  Yorkshire  fog  and  sheep’s  fescue  and  of  weeds 
like  sourdock  (Ruwcx  acetosa)  and  woodruch  ( Luzuld  cawi- 
■ pestris )  all  indicate  an  acid  condition  in  the  soil.  In  severely 
acid  conditions  a  thick  mat  of  turf  is  formed,  almost  impene¬ 
trable  to  rain  and  to  fertilizers. 

Although  the  chief  value  of  lime  lies  in  its  removal  of  soil 
sourness  and  the  benefits  arising  therefrom,  it  has  other 
important  effects  in  the  soil.  Its  influence  on  the  tilth  of 
heavy  soil,  its  power  of  flocculating  clay,  has  been  dealt  with 
in  Chapter  2.  For  this  purpose  relatively  heavy  rates  of 
application,  in  excess  of  3  tons  of  quicklime  per  acre,  are 
necessary  to  make  an  appreciable  difference  to  the  texture 
of  clay  soils.  In  some  parts  of  the  country  lime  is  used 
solely  for  this  purpose,  and  during  the  war,  with  the  ploughing 
out  of  permanent  grassland,  the  use  of  lime  in  these  counties 
has  increased  enormously. 

Lime  is  also  valuable  as  a  plant  food  ;  all  crops  require 
calcium  ;  the  amounts  required  by  crops  are,  indeed,  very 
small  as  is  shown  in  Table  1,  but  in  very  acid  soils  not 
even  these  small  amounts  are  available.  There  have  been, 
in  recent  years,  numerous  failures  of  potatoes  and  of  rye, 
both  highly  resistant  to  soil  acidity,  which  have  been  due  as 
much  to  a  deficiency  of  calcium  as  to  extreme  acidity  ;  small 
dressings  of  lime  or  ground  limestone,  insufficient  to  produce 
any  measurable  rise  in  soil  pH,  have  sufficed  to  convert  a 
failure  into  an  average  crop. 

Forms  of  Liming  Materials 

There  is  a  large  variety  of  liming  materials  used  ;  they 
consist  of  impure  forms  of  calcium  oxide,  calcium  hydroxide 
and  calcium  carbonate  and  sometimes  contain  appreciable 
proportions  of  the  corresponding  magnesium  compounds. 
Their  impurities  consist  of  the  silica  and  the  sesquioxides  of 
the  parent  limestone  rock,  and,  in  the  case  of  industrial  by¬ 
products,  of  considerable  quantities  of  water. 
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Lime,  Quicklime  or  Burnt  Lime,  CaO.  These  are  three 
different  names  for  the  same  material,  which  is  produced  by 
the  burning  of  broken  limestone  or  chalk,  in  mixed-feed 
kilns,  the  fuel  consisting  of  coal  or  coke,  or  a  mixture  of 
each,  roughly  1  ton  of  fuel  being  required  to  dissociate  the 
calcium  carbonate  in  5  tons  of  limestone.  If  the  limestone 
consists  of  pure  calcium  carbonate  about  11  cwt.  of  quicklime 
will  be  produced  from  1  ton  of  limestone  or  chalk,  according 
to  the  equation  : 

CaC03  — ►  CaO  +  C02 

But  the  limestone  normally  used  for  “  burning  ”  contains 
between  2  per  cent  and  20  per  cent  of  impurities,  consisting 
chiefly  of  sesquioxides  and  silica.  Thus,  a  limestone  con¬ 
taining  10  per  cent  of  impurities  will  yield  a  quicklime 
containing  more  than  16  per  cent  of  impurities  ;  it  is  therefore 
essential  when  using  quicklime  to  know  the  amount  of  calcium 
oxide  it  contains,  and  a  statement  to  this  effect  is  obligatory 
on  the  seller. 

The  larger,  hand-picked  pieces  of  lime  from  the  kiln  are 
either  sold  directly  under  various  names  (lump,  clot  or  shell 
lime)  or  crushed  to  a  fine  state,  bagged  and  sold  as  ground 
lime.  The  residue  at  the  bottom  of  the  kiln  containing  the 
ashes  from  the  fuel  is  sold  as  “  small  ”  or  “  seconds  lime, 
on  the  sale  of  which  no  statement  of  composition  is  com¬ 
pulsory.  Ground  lime  is  usually  applied  to  the  land  by 
means  of  a  drill,  and  owing  to  its  affinity  for  water,  must  be 
applied  as  soon  as  it  has  been  received  on  the  farm.  Lump 
lime  is  allowed  to  slake  by  atmospheric  moisture  before 
application.  This  slaking  may  be  effected  in  one  large  heap, 
or  in  a  number  of  smaller  heaps,  evenly  spaced  over  the  field  , 
it  is  then  spread  by  shovel.  It  is  important  that  the  lime 
be  spread  before  it  becomes  a  wet  paste,  for  subsequent  even 
distribution  becomes  impossible,  and  much  of  the  value  of  the 
lime  is  thereby  wasted. 
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Hydrated  Lime,  Ca(OH)2.  This  is  obtained  from  quick¬ 
lime  by  controlled  slaking  of  quicklime  in  shallow  layers  of 
about  2  cwt.  at  a  time.  The  requisite  quantity  of  water  is 
applied  in  a  fine  spray,  the  amount  used  being  sufficient  to 
form  calcium  hydroxide  and  to  allow  for  loss  by  evaporation. 
As  compared  with  ground  lime,  hydrated  lime  is  much  more 
convenient  to  handle  and  to  store,  and  is  favoured  by  market 
gardeners  ;  it  is  about  50  per  cent  more  expensive  per  ton, 
and  therefore  nearly  twice  as  costly  as  an  equivalent  amount 
of  quicklime. 

Ground  Limestone  and  Ground  Chalk,  CaC03.  There 
has  been  a  very  large  increase  in  the  production  of  ground 
limestone  since  1939,  and  the  greater  part  of  the  increased 
demand  for  liming  material  during  the  war  has  been  met  in 
this  form.  Several  types  of  mills  are  used,  the  most  common 
being  the  ball  mill,  where  fragments  of  limestone  are  crushed 
between  steel  balls  of  varying  sizes,  enclosed  in  a  revolving 
cylinder.  When  soft,  porous  limestones  are  ground  (oolitic, 
lias,  magnesian)  it  is  often  necessary  to  pre-heat  the  limestone 
chips  to  reduce  the  moisture  content  to  \  per  cent  or  less, 
and  this  necessarily  increases  the  cost  of  production.  Ground 
chalk  is  almost  exclusively  produced  in  a  swing-hammer  mill 
where  pre-heating  is  not  so  necessary. 

Since  limestone  is  insoluble  in  water,  its  rate  of  action  in 
the  soil  will  depend,  among  other  factors,  upon  the  surface 
area  exposed,  and  hence  on  the  size  of  the  individual  particles  ; 
the  smaller  the  particle  the  greater  the  rate.  Pot  experiments 
have  shown  that  material  passing  through  a  sieve  with 
200  holes  per  linear  inch  is  more  “  available  ”  than  coarser 
particles.  Field  experiments  now  in  progress  seem  to  indicate 
that  ground  limestone  completely  passing  through  a  100-mesh 
sieve  is  more  effective  than  one  which  passes  through  only 
to  the  extent  of  60  per  cent.  But  this  slight  advantage  by 
no  means  compensates  for  the  heavy  extra  costs  of  producing 
the  very  fine  materials.  The  same  experiments  show  that 
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relatively  coarse  material  (i.e.  passing  20  mesh  but  not 
40  mesh)  has  effects  not  appreciably  less  than  finer  limestone, 
and  it  is  likely  that  a  ground  limestone,  the  whole  of  which 
passes  through  a  20-mesh  sieve  and  50  to  60  per  cent  of  which 
passes  through  a  100-mesh  sieve  will  be  as  satisfactory  as 
any,  and  it  should,  moreover,  be  producible  at  an  economic 
cost. 

Relative  value  of  Quicklime  and  Ground  Limestone 

Quicklime  has  always  been,  and  still  remains,  the  most 
popular  form  of  lime  in  Great  Britain  and  in  Europe  generally. 
But  in  the  U.S.A.,  as  in  the  Dominions,  comparatively  little 
use  is  made  of  it,  its  place  being  taken  by  ground  limestone. 
Quicklime,  especially  ground  lime,  is  no  doubt  more  rapid  in 
its  early  effects  than  ground  limestone,  probably  because  of 
the  better  distribution  that  results  from  the  initial  solution 
of  calcium  hydroxide  formed  on  slaking.  But  calcium  oxide 
ultimately  and  very  soon  reverts  to  calcium  carbonate,  and 
its  effects  after  a  month  or  so  are  no  better  than  those  from 
ground  limestone.  Experiment  and  observation  have,  in 
fact,  shown  that  on  all  types  of  soil  ground  limestone  is  at 
least  as  effective  as  ground  lime,  and  on  the  fighter  soils  its 
effects  are  more  durable.  Quicklime,  which  is  required  at 
approximately  three-fifths  the  rate  necessary  for  ground  lime¬ 
stone,  is  more  economical  of  transport,  which  is  an  important 
consideration  for  inaccessible  farms.  It  is  also  slightly 
cheaper,  per  acre,  than  ground  limestone. 

Some  experiments  commenced  in  1944  on  behalf  of  the 
Ministry  of  Agriculture  afford  a  series  of  comparisons  between 
ground  lime  and  ground  limestone,  both  carboniferous, 
applied  at  equivalent  rates  to  root  crops  grown  in  acid  soils. 
Summarized  results  appear  in  Table  11. 

The  results,  affecting  as  they  do  only  the  first  year’s  crop¬ 
ping,  suggest  that  there  is  no  material  difference  between  the 
effects  of  the  two  forms  of  liming  material. 
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Table  11 

Relative  Effects  of  Equivalent  Weights  of  Ground  Lime  and  Ground 

Limestone 


Centre. 

Crop. 

Tons  per  Acre. 

No 

Lime. 

Ground 

Lime. 

Ground 

Limestone. 

S.E. 

+  or  — 

1.  Bowness  . 

Mangolds 

1-34 

5-12 

6-22 

0-51 

2.  Blagdon 

** 

1204 

22-45 

21-71 

0-96 

3.  Harewood  . 

Swedes 

303 

6-62 

5-42 

0-76 

4.  Filby  . 

Sugar-beet 

11-60 

12-79 

12-96 

0-42 

5.  Ravenstone 

99  99 

0-12 

3-49 

3-60 

0-26 

Magnesian  Lime  is  the  product  of  burning  limestone  of 
the  dolomitic  type.  There  are  two  distinct  forms  ;  one  con¬ 
tains  less  than  2  per  cent  of  magnesium  oxide  and  for  all 
purposes  is  indistinguishable,  except  in  colour,  from  ordinary 
quicklime.  The  other  contains  amounts  of  magnesium  oxide 
varying  between  10  per  cent  and  40  per  cent,  with  about 
80  per  cent  and  50  per  cent  respectively  of  calcium  oxide. 
This  second  material  has  been  the  subject  of  controversy  for 
more  than  150  years,  and  there  still  exists  a  deep  prejudice 
against  it  in  several  parts  of  Great  Britain  and  also  in  parts 
of  the  U.S.A.  It  suffers  in  comparison  with  “  white  ”  lime 
in  that  it  does  not  readily  slake  on  the  addition  of  water. 
Moreover,  the  sites  of  heaps,  large  and  small,  of  magnesian 
lime  left  to  slake,  have  proved  to  be  sterile  of  vegetation  for 
a  number  of  years.  Pot  experiments  carried  out  by  Voelcker 
at  Woburn  and  by  Crowther  at  Rothamsted  prove  that  when 
the  rate  of  application  exceeds  a  certain  minimum  the  fertility 
of  the  soil  is  reduced.  This  reduction  may  be  due,  as  sug¬ 
gested,  to  an  upsetting  of  the  calcium-magnesium  ratio  in 
the  soil,  or  it  may  also  be  due  to  the  slowness  with  which 
magnesium  oxide  becomes  carbonated,  when  in  the  meantime 
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a  highly  alkaline  condition  is  maintained  in  the  soil.  How¬ 
ever,  in  agricultural  practice,  where  applications  at  the  rate 
of  2  tons  per  acre  or  less  are  usual,  none  of  the  sterility  effects 
are  shown.  In  fact,  this  form  of  lime  is  found  to  be  quite 
as  effective  as  white  lime,  and  better  in  some  cases.  Excessive 
dressings  of  the  order  of  three  or  four  times  the  lime  require¬ 
ment  should  be  avoided,  these  being  in  any  case  wasteful. 
The  effects  of  excess  are  shown  in  Table  12  which  gives  the 
results  obtained  in  a  Yorkshire  experiment  in  1944,  com¬ 
paring  the  two  forms  of  lime  on  land  with  a  lime  requirement 
of  1  ton  CaO  per  acre. 


Table  12 


Yield  of  Sugar-beet  ( tons  jper  acre) 


Rate. 

No  lime 

1  ton  per  acre 

2  tons  „  „ 

4  y>  ft  ft 


Magnesian  Lime. 

2-25  tons 


3-92 

407 

2-92 


Carboniferous  Lime. 
2-25  tons 
319  „ 

307  „ 


Magnesian  Limestone.  Ground  magnesian  limestone 
has  only  recently  been  used  to  any  important  extent.  Experi¬ 
ments  have  shown  that  it  is  comparable  in  its  effects  with 
other  limestones  ;  an  interesting  experiment  carried  out  by 
Cranfield  in  1944  shows  that  it  is  superior  to  both  carboniferous 
and  oolitic  ground  limestone  (Table  13). 


Table  13 

Comparison  of  Various  Ground  Limestones 
(Ravenstone — 1944) 

Yield  of  Sugar-beet  ( tons  per  acre) 


Rate. 

Oolitic. 

Carboniferous. 

Magnesian. 

No  lime . 

012 

012 

012 

Half  lime  requirement  . 

3-47 

313 

3-48 

Full  lime  requirement  . 

3-92 

3-60 

4-39 
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Industrial  By-product  Limes.  These  materials  consist 
mainly  of  mixtures  of  calcium  carbonate  and  water,  the  water 
varying  from  about  15  per  cent  to  over  50  per  cent.  Those 
with  the  larger  amounts  of  water  are  not  only  required  in 
very  large  quantities  but  are  difficult  to  spread  evenly,  and 
therefore  make  heavy  demands  on  labour.  If  applied  in 
the  autumn  and  exposed  to  winter  frosts,  the  lumps  break 
down  readily  and  the  effects  of  the  calcium  carbonate  are 
satisfactory. 

Limestone  Dust.  This  is  a  by-product  in  the  road  stone 
industry.  It  consists  of  material  passing  through  a  J  inch 
(or  sometimes  ^  inch)  screen  ;  about  50  per  cent  of  the 
material  is  coarser  than  ^  inch  and  only  about  25  per  cent 
passes  through  a  100-mesh  sieve.  Its  chief  defects  are  an 
abundance  of  large,  slowly  available  particles  and  5  per  cent 
to  10  per  cent  of  moisture  which  binds  together  the  smaller 
particles  and  adds  to  the  difficulties  of  spreading.  For  these 
reasons,  it  is  advisable  to  apply  limestone  dust  at  a  rate 
50  per  cent  higher  than  is  necessary  for  ground  limestone. 

Billingham  Carbonate  of  Lime.  This  consists  of  the 
filtered  residue  after  the  treatment  of  a  calcium  sulphate 
suspension  with  ammonium  carbonate  in  the  manufacture  of 
sulphate  of  ammonia  (p.  127).  It  contains  about  75  per  cent 
of  CaC03  with  15  per  cent  to  20  per  cent  of  water  and  1  per  cent 
or  so  of  ammonium  sulphate.  When  an  application  of  3  tons 
per  acre  is  made,  the  treatment  includes  more  than  \  cwt. 
of  sulphate  of  ammonia,  and  some  of  the  early  effects  of  this 
lime  are  due  to  this  nitrogen,  but  its  calcium  carbonate  is  as 
effective  as  that  in  any  other  form. 

Sugar-Beet  Factory  Lime.  This  material  contains  about 
50  per  cent  of  water  even  after  long  standing  in  the  factory 
heap.  It  is  a  residue  from  the  treatment,  with  milk  of  lime, 
of  the  water  extract  of  beet-pulp,  obtained  by  precipitation 
with  carbon  dioxide. 
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Lime  from  Water-softening  Plants.  Temporary  hard¬ 
ness  in  water  is  due  to  the  bicarbonates  of  calcium  and  mag¬ 
nesium.  This  hardness  is  removed  by  precipitating  the  salts 
by  the  addition  of  the  calculated  quantity  of  milk  of  lime, 
in  the  following  manner  : 

Ca(HC03)2  +  Ca(OH)2  ->  2CaC03  +  2H20 

Collieries  and  large  locomotive  depots  are  the  chief  sources 
of  this  form  of  lime. 

Blast  Furnace  Slag.  This  is  a  by-product  in  the  manu¬ 
facture  of  pig-iron  from  iron  ore,  in  which  air  is  passed  through 
a  mixture  of  ore,  limestone  and  coal.  Under  the  reducing 
conditions  in  the  furnace  all  but  traces  of  the  phosphorus  is 
retained  in  the  iron,  the  siliceous  impurities  of  the  ore  com¬ 
bining  with  the  lime  to  form  calcium  silicates.  Although  this 
slag  contains  only  small  amounts  of  free  calcium  oxide  and 
carbonate,  it  is  approximately  equal  to  ground  limestone  in 
its  effects  on  soil  acidity. 

Other  Waste  Limes  are  produced  in  the  industries  of 
tanning,  soap-making,  paper-making,  tar  distilling,  and  so  on. 
Some  of  these  contain  small  and  insignificant  quantities  of 
sodium  carbonate. 


PART  III 

ANIMAL  NUTRITION 

Chapter  14 

THE  COMPOSITION  OF  THE  ANIMAL  AND 

OF  ITS  FOOD 

Both  the  animal  and  its  food  are  largely  composed  of 
water,  together  with  other  substances,  collectively  referred 
to  as  the  dry  matter,  which  can  conveniently  be  grouped  as 
follows  : 

(а)  Proteins  and  other  nitrogenous  substances. 

(б)  Fats  and  fat-like  substances. 

(c)  Carbohydrates. 

(d)  Mineral  substances. 

(e)  Vitamins. 

The  processes  of  nutrition  consist  essentially  in  (1)  the 
transformation  of  the  food  constituents  (nutrients)  into  the 
constituents  and  products  of  the  animal  body,  and  (2)  the 
provision  of  the  energy  necessary  for  the  accomplishment  of 
this  transformation  and  for  the  various  activities  of  the 
animal.  It  is  instructive,  therefore,  to  compare  the  distri¬ 
bution  of  the  above  groups  of  substances  in  the  animal  and 
in  the  plant  foods  upon  which  farm  animals  principally  feed. 


WATER 

The  Water  Content  of  the  Animal  Body.  The  water 
content  of  the  animal  varies  considerably  both  with  age  and 
with  increasing  fatness. 
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For  example,  in  cattle  at  100  lb.  live  weight  the  water 
content  of  the  empty  body  may  be  of  the  order  of  70  per  cent, 
but  with  increasing  body  weight  this  figure  decreases,  until 
at  1,200  lb.  live  weight  it  may  fall  to  about  50  per  cent. 
A  similar  variation  occurs  also  in  the  case  of  sheep  and 
pigs. 

A  fat  animal  contains  less  water  than  a  lean  one  :  Lawes 
and  Gilbert  found,  for  example,  that  the  water  content  of 
the  empty  bodies  of  4-year-old  fat  cattle  was  48-4  per  cent, 
whilst  that  of  half- fat  cattle  of  the  same  age  was  56-1  per  cent. 
Similar  variations  are  to  be  found  with  sheep  and*  pigs. 

The  most  variable  constituent  of  the  animal  body  is  fat. 
It  is  stored  as  a  reserve  of  energy  in  widely  varying  amounts, 
so  that  the  fat  content  of  a  very  fat  animal  may  be  as  much 
as  48  per  cent  of  its  empty  weight,  whereas  in  the  under¬ 
nourished  or  fasting  animal,  fat  may,  to  all  intents  and 
purposes,  be  absent.  If  figures  expressing  the  composition 
of  the  animal  body  are  calculated  to  the  fat-free  and  empty 
basis  (i.e.  as  percentages  of  the  total  body  weight,  less  the 
fat,  less  the  contents  of  the  alimentary  tract),  it  is  seen  that 
the  main  variation  is  in  the  water  content,  which  is  chiefly 
dependent  upon  the  age  of  the  animal. 

The  Water  Content  of  Food.  The  water  content  of  the 
feeding-stuffs  is  also  variable.  Succulent  feeding-stuffs  such 
as  roots,  tubers,  and  green  fodders  may  contain  as  much  as 
80  per  cent  to  90  per  cent  of  water,  or  more,  whereas  cereal 
grains,  and  their  milling  offals,  and  leguminous  seeds,  have 
between  12  per  cent  and  16  per  cent  of  water,  and  feeding- 
stuffs  of  animal  origin  10  per  cent  to  15  per  cent  of  water. 
In  the  feeding-stuffs  the  magnitude  of  the  water  content  is 
conditioned  by  the  nature  of  the  material  concerned,  its 
condition  and  degree  of  maturity,  and  the  processing  through 
which  it  may  have  passed. 

The  Functioning  of  Water.  Water  is  an  essential  com 
ponent  of  the  animal  body.  Its  presence  there  is  not  incidental 
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and  it  has  many  important  functions,  amongst  which  the 
following  may  be  mentioned  : 

1.  Water  is  a  solvent  of  low  viscosity  which  transports 

solutes  about  the  body  channels. 

2.  It  is  a  medium  in  which  solutes  exert  osmotic  pressure, 

and  wherein  insoluble  substances  are  colloidally 
dispersed. 

3.  It  serves  as  a  medium  in  which  reaction  between  ions 

can  occur,  and  as  a  means  of  effecting  hydrolysis, 
usually  with  the  aid  of  enzymes. 

4.  It  is  a  liquid  of  high  specific  heat,  i.e.  one  whose  tem¬ 

perature  responds  but  slowly  to  additions  or  sub¬ 
tractions  of  heat  and  which  serves  as  a  circulating 
reservoir  of  heat,  helping  to  keep  the  body  temperature 
steady  from  point  to  point. 

5.  It  is  a  liquid  of  high  latent  heat  of  vaporization,  and 

thus  helps,  by  its  evaporation,  to  remove  surplus 
heat  from  the  body  and  so  to  cool  it. 

6.  It  provides  a  mechanical  means  of  maintaining  turgor 

in  cells  and  functions  as  a  linking  medium,  main¬ 
taining  continuity  from  point  to  point  in  the  body. 

Pure  water,  as  such,  is  not  present  in  any  part  of  the 
body,  nor  is  it  excreted  as  such,  except  as  vapour. 


(a)  PROTEINS  AND  OTHER  NITROGENOUS 

SUBSTANCES 

The  Proteins 

Between.  17  per  cent  and  21  per  cent  of  the  weight  of  the 
fat-free  empty  body  consists  of  protein,  the  remainder  being 
made  up  of  mineral  matter  and  water.  Only  negligible 
amounts  of  carbohydrate  are  normally  present,  so  that  apart 
from  fat,  which  is  extremely  variable,  the  bulk  of  the  organic 
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matter  of  the  entire  body  consists  of  proteins,  which  may  be 
regarded  as  being  to  some  extent  characteristic  of  animal 
material.  This  is  not  so  with  the  plant.  On  an  average 
about  75  per  cent  of  the  dry  matter  of  plants  consists  of 
carbohydrate.  Moreover,  whilst  in  the  plant  the  proteins 
are  present  mainly  in  the  vegetauve  parts  (reproductive  parts 
and  leaves)  and  not  in  the  cell  walls,  in  the  animal  they  occur 
in  the  protoplasm  and  in  the  cell  walls  as  well,  and  also  as 
part  of  the  skeleton.  In  the  animal,  therefore,  one  finds 
protein  in  the  muscles,  tendons,  cartilages,  nerves,  internal 
organs  and  skeleton,  as  well  as  in  skin,  hair,  wool,  hooves 
and  horns. 

The  proteins  are  compounds  of  carbon,  hydrogen,  oxygen, 
nitrogen  and  sometimes  sulphur  and  phosphorus  also.  They 
are  complex  in  character,  of  high  molecular  weight,  and 
usually  insoluble  in  water,  though  some  of  them  dissolve  in 
dilute  salt  solutions  or  in  alcohol.  One  of  their  most  signifi¬ 
cant  properties  from  the  nutritional  point  of  view  is  that  on 
hydrolysis  they  are  resolved  into  simple  soluble  substances 
called  amino-acids  : 

Protein  — >  Proteoses  — >  Peptones  — >  Peptides  — >  Amino-acids 

The  hydrolysis  of  average  food  protein  will  yield  a  mixture 
of  some  twenty-two  different  amino-acids.  These  amino- 
acids  may  be  regarded  as  the  units  with  which  the  protein 
molecule  is  constructed,  and  the  differences  in  chemical  and 
physical  properties  between  the  various  vegetable  and  animal 
proteins  are  due  to  the  nature  and  quantity  of  the  amino- 
acids  involved  in  their  make-up,  and  to  the  manner  in  which 
they  are  linked  together  in  the  protein  molecule. 

The  amino-acids  may  be  represented  by  the  general  formula 
RCH(NH2)COOH,  and  we  may  imagine  a  number  of  amino- 
acids  uniting  through  their  NH2  and  COOH  groups  to  form 
a  protein  molecule  thus.  See  formula  at  the  top  of  opposite 

page. 
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r  R1  R*  R3 

II  |  I 

Ht— CH— COOH  NH2— CH— COOH . . .  NH2— CH— COOH  NH2— CH— COOH 

R  Ri  I  R2  R3 

|  y  I  I 

|H2 — CH — CO - NH— CH— CO  VT — NH— CH— CO - NH— CH— COOH 

The  — CO(NH) —  linkages  whereby  the  amino-acids  are 
linked  together  in  the  proteins  are  called  peptide  linkages,  and 
clearly  such  a  structure  as  that  represented  above  will  have 
a  free  — NH2  group  at  one  end  and  a  free  — COOH  group 
at  the  other.  Moreover,  a  glance  at  the  formula  for  the 
various  amino-acids  will  show  that  those  parts  of  the  protein 
molecule  represented  by  R,  R1,  R2,  R3,  etc.,  may  well  contain 
both  free  amino-groups  from  diamino-acids  and  free  carboxyl 
groups  from  dicarboxylic  amino-acids.  Thus  the  proteins  are 
amphoteric  in  character.  In  the  presence  of  acids  they  will 
yield  protein  cations,  and  in  the  presence  of  alkalies,  protein 
anions,  and  such  compounds  as  protein  chlorides  and  sul¬ 
phates  and  sodium,  potassium  and  calcium  proteinates  may 
be  formed.  The  extent  to  which  a  protein  molecule  will  be 
electrolytically  dissociated  as  an  acid  or  a  base,  will  depend 
i  upon  hydrogen-ion  concentration,  and  the  pH  at  which  the 
:  dissociation  is  at  a  minimum  is  known  as  the  isoelectric  point. 

[  The  following  are  the  isoelectric  points  of  some  typical 
i  proteins : 


pH 

Serum  albumin  ....  4-7 

Serum  globulin  ....  5-4 

Egg  albumin  .....  4-8 

Caseinogen  .....  4.7 

Gelatin  ......  4.7 

Edestin  .  .  .  a.q 


Proteins  in  solution  behave  as  colloids,  in  that  they  do  not 
diffuse  through  membranes  or  gels  permeable  to  crystalloidal 
I  10ns,  and  the  view  is  held  that  they  can  hold  ions  physically, 
by  adsorption,  as  well  as  by  combining  with  them  chemically! 

I.A.C. 
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According  to  Loeb,  however,  the  colloidal  behaviour  of 
proteins  is  due  to  the  large  size  of  the  protein  ions,  resulting 
from  the  high  molecular  weight  of  the  protein,  and  is  limited 
to  indiffusibility. 

Proteins  can  be  precipitated  from  solution  by  addition  of 
neutral  salts,  mineral  acids,  or  salts  of  heavy  metals.  Tannic 
acid,  phosphotungstic  acid  and  trichloracetic  acid  are  also 
efficient  protein  precipitants.  Advantage  is  taken  of  this 
property  in  separating  soluble  proteins  from  non-protein 
nitrogenous  substances,  in  the  analytical  determination  of 
proteins  in  feeding-stuffs,  etc. 

Protein  Classification.  The  proteins  are  broadly  classi¬ 
fied  into  : 

(a)  Simple  proteins. 

(b)  Conjugated  proteins. 

(a)  The  simple  proteins  include  : 

(1)  Albumins,  which  are  soluble  in  water,  e.g.  serum 

albumin  (blood),  egg  albumin,  lactalbumin  (milk), 
leucosin  (cereal  seeds). 

(2)  Globulins,  which  are  insoluble  in  water  but  soluble  in 

neutral  salt  solutions,  e.g.  serum  globulin  (blood), 
lactoglobulin  (milk),  ovoglobulin  (egg),  legumin  (peas, 
beans,  leguminous  seeds),  edestin  (hemp  seed). 

(3)  Glutelins ,  which  are  soluble  in  acids  and  alkalies  but 

insoluble  in  water  and  neutral  solvents,  and  occur 
only  in  the  vegetable  kingdom,  e.g.  wheat  glutenin. 

(4)  Prolamines  or  alcohol-soluble  proteins,  which  are  solely 

of  vegetable  origin  and  are  exemplified  by  zein 
(maize),  gliadin  (wheat)  and  hordein  (barley).  They 
contain  notable  amounts  of  proline. 

(5)  Sclerojrroteins,  which  are  solely  of  animal  origin,  are 

highly  insoluble  and  are  characteristic  of  horns, 
hooves,  hair,  tendons,  etc.,  e.g.  keratin  (hooves, 
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horns,  hair),  elastin  (tendons),  silk  fibroin,  spongin 
(sponges). 

(6)  Histones ,  which  are  basic  in  character,  soluble  in  water . 

and  occur  only  in  the  animal  kingdom.  Globin  (a 
part  of  haemoglobin  of  the  blood)  is  a  typical  histone. 

(7)  Protamines ,  which  are  the  simplest  of  proteins  and  are 

present  in  sperm,  e.g.  salmeine  (from  salmon),  stur- 
eine  (sturgeon),- clupeine  (herring). 

(b)  The  conjugated  proteins  consist  of  simple  proteins  to 
which  is  attached  a  non-protein  group  called  a  prosthetic 
group.  They  include  : 

(1)  Phosphoproteins  which  are  proteins  combined  with  some 

phosphorus-containing  substance  other  than  nucleic 
acid  or  lecithin,  e.g.  caseinogen  (milk),  vitellin  (egg- 
yolk). 

(2)  Glucoproteins ,  which  consist  of  protein,  combined  with 

a  carbohydrate  group,  other  than  that  in  a  nucleic 
acid,  e.g.  mucins  (saliva),  mucoids  (bone,  tendons). 

(3)  Chromoproteins,  which  are  proteins  combined  with  a 

coloured  group,  e.g.  haemoglobin  (blood). 

(4)  Lecithoproteins,  which  are  believed  to  consist  of  a 

combination  of  proteins  with  lecithin,  e.g.  tissue 
fibrinogen. 

(5)  N ucleoproteins,  which  are  made  up  of  proteins  combined 

with  nucleic  acids  and  are  characteristic  of  cell 
nuclei. 

Products  of  protein  hydrolysis  are  known  as  derived  proteins 
and  are  divided  into  two  groups. 

1.  Primary  derived  proteins  which  are  produced  by  mild 
hydrolysis  involving  only  slight  alterations  in  the  molecule. 
This  group  includes  : 

(a)  Proteans,  which  are  insoluble  and  result  from  the  action 
of  water  or  very  dilute  acid. 
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{b)  Meta  Proteins ,  which  are  the  products  of  further  hydro¬ 
lysis  by  dilute  acids  and  alkalies. 

(c)  Coagulated  proteins,  which  are  insoluble  and  are  formed 
by  the  action  of  alcohol  on  the  protein  or  heat  on  the 
protein  solution. 

2.  Secondary  derived  proteins,  which  are  the  further  pro¬ 
ducts  of  protein  hydrolysis  and  include  the  proteoses, 
peptones,  and  peptides,  all  of  which  are  soluble  in  water  and 
not  coagulated  by  heat. 

The  Function  of  the  Proteins.  The  prime  function  of 
food  protein  is  to  serve  as  the  raw  material  for  the  synthesis 
of  body  protein,  as  in  growth,  or  of  the  protein  of  the  body 
products,  as  in  lactation.  The  efficiency  with  which  food 
protein  can  serve  this  purpose  will  be  dependent  upon  the 
nature  of  the  assortment  of  amino-acids  which  the  animal 
can  absorb  from  the  food  protein  after  digesting  it.  If  this 
amino-acid  mixture  corresponds  both  qualitatively  and 
quantitatively  with  the  animal’s  requirements  for  protein 
synthesis,  then  it  will  be  efficiently  utilized  and  the  food 
protein  whence  it  came  will  be  said  to  be  “  well  balanced  ” 
or  of  high  “  biological  value  ”,  If  the  converse  is  true,  then 
amino-acids  may  be  rejected  as  unsuitable  for  protein  synthesis 
and  may  be  less  usefully  employed,  the  food  protein  being 
then  of  low  biological  value. 

The  raw  material  for  the  synthesis  of  protein  in  the  plant 
consists  of  simple  nitrogenous  compounds  such  as  nitrates. 
The  animal,  on  the  other  hand,  is  dependent  on  the  proteins 
present  in  its  food.  Its  capacity  to  synthesize  amino-acids 
for  protein  building  purposes  is  limited,  and  if  the  food 
protein  should  be  lacking  in  any  amino-acid  which  the  animal 
requires  but  cannot  synthesize,  then  the  proper  utilization  of 
the  food  protein  may  be  considerably  limited  if  not  altogether 
prevented. 

These  amino-acids  which  the  animal  cannot  synthesize  and 
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which  are  present  in  animal  proteins  are  called  “  essential  ’ 
or  “  indispensable  ”,  and  obviously  they  must  be  present  in 
adequate  amounts  in  the  food  protein  if  the  latter  is  to  be 
efficiently  utilized. 

Experiments  by  Rose  et  alii  with  rats  have  shown  the 
following  amino-acids  to  be  essential  for  growth  purposes. 


Lysine 

Tryptophane. 


Histidine. 


Phenyl  alanine. 
Leucine. 


NH2— CH2— CH2— CH3— CH2— CH(NH2>— cooh 


f 

V 


-C  H2 — CH  ( NH2 ) — COOH 


NH 

CH“C— CH2— CH(NH2)— COOH 

I  I 

N  NH 


\  / 


CH 

C6H5 — CH2 — CH(NH2) — COOH 

CH3-/  CH— CH2— CH(NH2)— cooh 
ch/ 


Isoleucine. 


Threonine. 

Methionine. 

Valine. 


CH3 — CH2— ?CH — CH(NH2) — COOH 
CH/ 

CH3 — CH(OH) — CH(NH2) — COOH 
CH3 — S — CH2 — CH2 — CH(NH2) — COOH 


CH 


3\ 


CH/ 


>CH— CH(NHa)— COOH 


NH 

A  .  .  II 

Arginine.  NH2— C— NH— CH2— CH2— CH2— CH(NH2>— COOH 

The  absence  of  one  or  more  of  these  essential  amino-acids 
from  the  diet  will  result  in  a  cessation  of  growth.  The 
remaining  twelve  of  the  twenty-two  amino-acids  concerned 
m  make-up  of  proteins,  are  apparently  “  non-essential  ”, 
and  experiments  with  rats  have  shown  that  excellent  growth 
can  be  obtained  in  their  absence,  provided  that  the  diet 
contains  adequate  amounts  of  the  essential  ones. 
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The  non-essential  amino-acids  are  as  follows  : 


Glycine. 
Alanine. 
Serine. 
Norleucine. 
Aspartic  Acid. 


Glutamic  Acid. 


NH2— GH2— COOH 
CH3— CH(NH2)— COOH 
HO— CHa— CH(NH2)— COOH 
CH3 — CH2 — CH2 — CH2 — CH(NH2) — COOH 
CH2— COOH 
j 

CH(NH2)— COOH 
/CH2— COOH 


CH, 


Nj 


H(NH2)— COOH 


/CH2 — COOH 

Hydroxyglutamic  acid.  CH(OHK 

X}H(NH2) — COOH 


Proline. 


CH,— CH, 


A 


CH2  CH— COOH 


\/ 

NH 


Hydroxyproline. 


HO— CH— CH2 

I  I 

CH2  CH— COOH 

\/ 

NH 


Citrulline.  NH2 — CO — NH — CH2 — CH2 — CH2 — CH(NH2)  COOH 

Tyrosine.  HO — C6H4 — CH2 — CH(NH2) — COOH 

Cystine.  HOOC — CH(NH2) — CHa — S — S — CH2 — CH(NHa) — COOH 

It  should  be  pointed  out  here  that  whilst  the  above  list 
of  essential  amino-acids  holds  for  growth  in  the  rat,  it  is  quite 
possible,  even  probable,  that  for  other  functions  and  other 
animals,  different  amino-acids  may  be  involved. 


Non-Protein  Nitrogenous  Substances 

Apart  from  proteins,  both  the  animal  and  its  food  contain 
other  more  simple  nitrogenous  compounds,  such  as  amino- 
acids,  acid  amides,  nitrogenous  bases,  alkaloids,  nitrogenous 
glucosides,  nitrogenous  lipoids,  nitrates  and  ammonium  salts. 
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Of  the  non-protein  nitrogenous  constituents  of  pasture 
herbage,  which  may  be  regarded  as  the  natural  food  of 
herbivorous  animals,  30  per  cent  to  50  per  cent  will  usually 
be  made  up  of  amino  acids  and  acid  amides,  the  remaining 
70  per  cent  to  50  per  cent  being  made  up  of  nitrogenous 
bases  with  small  amounts  of  nitrates.  The  quantity  of 
nitrate  present  will  be  vanishingly  small  except  immediately 
following  a  dressing  with  a  nitrogenous  fertilizer,  or  when 
the  nitrifying  bacteria  are  most  active. 

Sometimes  fairly  considerable  amounts  of  ammonium  salts 
occur  in  vegetable  tissues,  since  some  plants  absorb  ammonia- 
cal  nitrogen  from  the  soil,  but  neither  ammonium  salts  nor 
nitrates  are  to  be  regarded  as  constituents  of  the  plant. 
Their  presence  is  transitory  and  they  are  rapidly  involved 
in  the  nitrogen  metabolism  of  the  plant  and  changed  into 
other  compounds. 

These  non-protein  nitrogenous  constituents  are  of  con¬ 
siderable  importance  from  the  nutritive  standpoint  since  they 
are  certainly  capable  of  contributing  to  the  protein  nutrition 
of  the  animal.  The  amino-acids,  or  combinations  of  them 
such  as  the  peptides,  will  be  equally  as  valuable  to  the  animal 
as  if  they  had  formed  part  of  the  food  protein  itself,  whilst 
there  is  evidence  that  amide  and  ammoniacal  nitrogen  may 
make  its  contribution  to  protein  nutrition  through  the  agency 
of  the  bacterial  flora  of  the  ruminant  stomach. 

Non-protein  nitrogen,  however,  bulks  more  largely  in  the 
total  nitrogen  of  vegetable  than  of  animal  material.  Apart 
from  amino-acids,  peptides,  peptones  and  proteoses,  which 
will  be  present  in  the  body  during  protein  digestion  or  during 
breakdown  of  tissue  protein,  such  nitrogenous  compounds  as 
the  following  occur  in  the  tissues  : 


Creatine. 


I 

CH3 
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Creatinine. 

/NH^ 

HN=C< 

XN— CH2/ 

ch3 

NH— CO 

Hypoxanthine. 

CH  C — NHX 

II  II  >ch 

.  N - C - W 

NH— CO 

1  1 

Xanthine. 

1  1 

CO  C — NH\ 

1  II  >H 

NH— C - W 

NH— CO 

l  i 

Uric  Acid. 

CO  C — NH\ 

1  II  >CO 

NH — C — NHX 

NHa 

Allantoin. 

CO  CO— NHv 

1  1  >co 

NH— CH— NHX 

The  bulk  of  the  creatine  of  the  body  is  in  the  muscle  and 
it  is  intimately  connected  with  the  functioning  of  muscle. 
Creatinine  which  is  present  in  the  tissues  in  much  smaller 
amounts  is  an  end-product  of  metabolism  and  is  excreted 
in  the  urine.  Hypoxanthine,  xanthine,  uric  acid  and  allan- 
toin  are  formed  successively  during  the  oxidative  breakdown 
of  nucleoproteins  in  the  tissues.  In  man  the  chief  end- 
product  of  these  changes  is  uric  acid  ;  in  farm  animals  it  is 
allantoin,  which  is  excreted  in  the  urine. 

The  total  quantity  of  these  non-protein  nitrogenous  sub¬ 
stances  in  the  tissues  is,  however,  small,  and  the  total  nitrogen 
of  the  body  may  be  assumed  to  be  present  mainly  in  the 
form  of  protein. 
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(6)  THE  FATS  AND  FAT-LIKE  SUBSTANCES 

These  together  constitute  a  group  of  substances  called 
lipoids,  which  are  classed  together  more  because  of  their 
community  of  physical  than  of  chemical  properties.  They 
are  all  insoluble  in  water,  and  soluble  in  such  fat  solvents 
as  ether,  alcohol,  chloroform  and  carbon  tetrachloride. 

The  lipoids  include — 

(а)  The  fixed  oils  and  fats,  which  are  esters  of  glycerol  and 

are  therefore  called  glycerides. 

(б)  The  phosphatides  or  phospholipoids,  built  up  from 

glycerol  by  combination  of  two  of  its  hydroxyl 
groups  with  fatty  acid  molecules  and  the  third  with 
a  phosphoric  acid  nitrogenous  base  complex.  They 
include  the  lecithins,  the  kephalins  and  the  sphin¬ 
gomyelins. 

(c)  The  glucolipoids  containing  nitrogen  and  a  carbohydrate 

radical  but  no  phosphorus.  They  include  the  cere- 
brosides. 

(d)  The  waxes  which  are  esters  of  alcohols  other  than 

glycerol ;  usually  higher  alcohols. 

(e)  The  derived  lipoids,  i.e.  those  substances  produced  from 

the  lipoids  by  hydrolysis  and  resembling  the  lipoids 
generally  in  physical  properties,  e.g.  the  higher  fatty 
acids  and  the  sterols. 

Of  these  substances  the  fixed  oils  and  fats  constitute  the 
greater  part  of  the  fatty  or  lipoid  material  of  both  plants 
and  animals,  the  other  groups  being  present  in  much  smaller 
amounts. 

(&)  The  fats  and  oils  are  widely  distributed  in  both  plants 
and  animals  and  in  the  animal  they  constitute  the  main 
energy  reserve  of  the  body. 
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On  hydrolysis  they  break  down  into  glycerol,  a  trihydric 
alcohol  which  may  be  represented  thus  : 

CH2— OH 
OH— OH 

I 

ch2— oh 

together  with  a  mixture  of  fatty  acids,  the  nature  of  which 
varies  with  the  fat  or  oil  concerned,  but  which  consists  chiefly 
of  the  saturated  stearic  acid,  C17H35COOH,  palmitic  acid, 
C15H31COOH,  and  the  unsaturated  oleic  acid,  C17H33COOH, 
together  with  the  smaller  amounts  of  other  fatty  acids  such 
as  the  following  : 


Butyric  acid. 
Caproic  acid. 
Caprylic  acid. 
Capric  acid. 
Laurie  acid. 
Myristic  acid. 


C3H7COOH 

C6HuCOOH 

C7H15COOH 

C9H19COOH 

CuH23COOH 

c13h27cooh 


Small  amounts  of  other  acids  more  unsaturated  than  oleic 
may  be  present,  e.g.  linoleic,  C17H31COOH,  and  linolenic, 
C17H29COOH. 

When  glycerol  reacts  with  a  fatty  acid,  a  glyceride  (or 
triglyceride)  is  formed.  If  the  fatty  acid  is  represented  by 
the  formula  R — COOH,  then  the  reaction  may  be  shown  thus  : 


CH2— OH  CH2 — 0 — CO — R 

CH  —OH  +  3R— COOH  — ►  CH  — 0— CO— R  +  3H20 

|  I 

CHa — OH  CH2-0-C0-R 

The  hydrolysis  of  the  glyceride  will  be  represented  by  the 
reverse  of  the  above  equation. 

Thus,  tripalmitin,  tristearin  and  triolein  may  be  produced 
from  palmitic,  stearic  and  oleic  acids  respectively.  Now 
palmitic  and  stearic  acids  are  solid  and  saturated,  and  oleic 
acid  is  liquid  and  unsaturated,  and  these  properties  are 
reflected  in  the  glycerides  produced  from  them.  Tripalmitin 
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and  tristearin  are  saturated  solids,  whilst  triolein  is  an 
unsaturated  liquid. 

In  general  it  may  be  said  that  the  physical  consistency  of 
a  fat  depends  upon  the  proportion  between  these  three  fatty 
acids  contained  and  combined  in  it.  The  more  palmitic  and 
stearic  acids  it  contains,  the  more  solid  will  it  be,  and  the 
higher  its  content  of  oleic  acid  the  more  liquid  will  it  be. 

A  fat  or  oil,  then,  may  be  regarded  as  a  mixture  of  glycerides 
in  some  of  which  the  fatty  acids  may  be  the  same,  as  in  the  ex¬ 
amples  given  above,  and  in  some  of  which  the  fatty  acids  may 
be  different,  as,  for  example,  in  glyceryl-oleo-palmito-stearin  : 

CH2— o-co-c17h33 
CH  —  0— CO— C16H31 
CH2— 0— CO— c17h35 

In  point  of  fact,  the  glycerides  present  in  the  natural  fats 
are  mainly  of  the  latter,  internally  mixed,  type,  and  we 
may  represent  a  fat  or  oil  thus  : 


CH2— 0— CO— R1 

I 

CH  — 0 — CO — R2 

i 

CH2— 0— CO— R3 

where  R1,  R2  and  R3  may  be  either  different  or  identical. 

The  fats  and  oils  can  be  hydrolysed  either  by  enzymes 
(lipases),  by  treatment  with  superheated  steam,  or  by  boiling 
with  alkali.  The  latter  change,  using  NaOH,  would  be 
represented  : 


CH2— 0— CO— R1 

I 

CH  — 0— CO— R2  +  3NaOH 

I 

CHa— 0— CO— R3 


CH2— OH  R1— COONa 

I 

CH— OH  +  R2— COONa 
CH2— OH  R3— COONa 


The  mixed  sodium  salts  of  the  fatty  acids  so  produced 
constitute  soap,  and  the  process  is  called  saponification.  It 
IS  by  this  process  that  soap  is  manufactured,  and  the  soap 
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is  obtained  from  the  products  of  saponification  by  “  salting 
out  ”,  i.e.  by  adding  NaCI,  which  forms  a  brine  in  which  the 
soap  is  insoluble. 

A  further  property  of  the  fats  and  oils  which  is  of  con¬ 
siderable  significance  so  far  as  their  digestion  by  the  animal 
is  concerned  is  that,  though  insoluble  in  water,  they  can  be 
caused  to  form  stable  emulsions  with  solutions  of  emulsifying 
agents  such  as  soap  and  bile  salts.  It  is  noteworthy  also 
that  the  fatty  acids  contained  in  the  natural  fats  and  oils 
all  have  an  even  number  of  carbon  atoms  in  their  molecules. 

The  fats  and  oils  are  widely  distributed  in  the  vegetable 
kingdom  and  therefore  in  feeding-stuffs.  They  are  markedly 
present  in  oil-bearing  seeds  and  in  those  feeding-stuffs  which 
are  by-products  of  the  oil-milling  industry,  e.g.  linseed,  cotton 
seed,  palm-kernel  cakes  and  meals,  etc.  In  most  feeding- 
stuffs,  however,  the  fat  or  oil  content  is  small  (5  per  cent  or 
less)  compared  with  the  carbohydrate  content.  The  bulk  of 
the  fat  developed  in  the  body  of  the  farm  animal  is  manu¬ 
factured  from  the  carbohydrate  of  the  diet,  though  the  dietary 
fat  is  not  without  its  influence  upon  the  body  fat.  The  fats 
of  certain  feeding-stuffs  (maize,  palm  kernel),  being  them¬ 
selves  unsaturated,  may  impress  their  unsaturation  upon  the 
tissue  fat  and  so  lead  to  a  softening  of  the  fat  of  the  carcass 
if  much  is  present  in  the  diet.  The  energy  content  of  fat 
is  more  than  twice  that  of  carbohydrate,  and  it  is  in  the.  form 
of  fat,  laid  down  in  the  adipose  tissue,  that  the  farm  animal 
stores  the  energy  in  the  considerable  quantity  of  carbohydrate 
it  consumes.  A  much  larger  reserve  of  energy  can  be  built 
up  in  this  way  than  would  be  the  case  if  carbohydrates  were 
stored  in  the  tissues. 

The  fat  content  of  the  animal  body  is  very  variable.  In 
general  it  will  tend  to  increase  with  increasing  age,  but  it 
will  decrease  during  periods  of  under-nutrition  or  starvation, 
when  the  adipose-tissue  fat  will  be  called  upon  to  yield  up 
its  energy.  It  will  be  dependent  upon  the  balance  betweeD 
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the  animal’s  energy  output  and  its  intake  of  energy  in  the 
diet.  In  other  words,  the  degree  of  fattening  can  be  largely 
controlled  by  the  feeder. 

(6)  The  phosphatides  or  phospholipoids,  like  the  fats 
and  oils,  are  compounds  of  glycerol.  They  include  the 
lecithins,  kephalins  and  sphingomyelins. 

The  lecithins  are  neutral  substances  which  on  hydrolysis 
yield  glycerol,  two  different  fatty  acids,  phosphoric  acid,  and 
a  nitrogenous  base  choline 


HO— CHa— CHa— N— OH 


(CH3)3 

Amongst  the  fatty  acids  which  have  been  isolated  from  lecithins 
are  palmitic,  stearic,  oleic  and  linoleic.  Clearly,  therefore, 
there  exists  a  number  of  different  lecithins  which  differ  in  the 
fatty  acids  combined  in  them.  They  may  be  represented  thus 
CH2— 0— CO— R1 

L 

CH  —  0— CO— R2 

CH2— o— p^cT 

^O— CH2— CHjs— N=(CH3)3 

where  R1  and  R2  represent  the  different  fatty  acid  radicals. 

The  kephalins  may  be  regarded  as  lecithins  in  which 

been  rePlaced  V  amino-ethyl  alcohol, 
x1UO±12CJ12NH2,  and  may  be  represented  thus 

CH2 — 0 — CO — R1 


CH  — 0 — CO — R2 


OH 


CH2— 0— P=0 

\o-ch2-oh2-nh2 

The  sphingomyelins  are  not  glycerides  and  on  hydrolysis 
yie  choline  fatty  acids,  phosphoric  acid  and  a  complex 
nitrogenous  base  called  sphingosine. 
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These  phosphatides  are  present  in  small  amounts  in  egg- 
yolk,  blood,  liver,  brain,  nerve  tissues.  They  are  universally 
present  in  protoplasm  and  have  a  functional  importance  in 
fatty-acid  transport  and  metabolism  in  the  body.  Kephalin 
is  concerned  in  the  clotting  of  blood. 

(c)  The  glucolipoids,  which  contain  a  carbohydrate 
radical,  include  the  cerebrosides  which  are  typical  of  them, 
and  occur  in  the  brain.  They  are  galactosides  containing 
fatty  acids  and  also  sphingosine. 

(d)  The  waxes,  which  are  hydrolysed  by  alkali  with  much 
more  difficulty  than  are  the  fats,  and  which  have  a  higher 
melting-point,  are  found  as  an  exterior  protective  film  on 
mature  vegetable  leafage.  They  are  incapable  of  contributing 
to  the  nutrition  of  the  animal  and  will  pass  through  the  gut 
unchanged.  They  are  mixtures  of  esters  of  higher  fatty 
acids,  such  as  palmitic  and  stearic,  with  higher  alcohols 
such  as  myricyl  alcohol,  C30H61OH,  and  cetyl  alcohol, 

c27h55oh. 

(e)  The  sterols  occur  in  the  unsaponifiable  fraction  of 
lipoids. 

The  most  important  animal  sterol  is  cholesterol  (C27H45OH), 
a  complex  cyclic  unsaturated  alcohol,  which  occurs  in  the 
blood,  both  free  and  combined  with  unsaturated  fatty  acids. 
Its  function  is  little  understood.  It  is  excreted  in  solution 
in  the  bile  and  is  reduced  to  coprosterol  (C27H47OH)  by 
intestinal  bacteria. 

The  plant  sterols  are  called  phytosterols.  Sitosterol 
(C,7H45OH)  is  found  in  wheat  and  rye,  for  example,  and  is 

an  isomer  of  cholesterol.  . 

Ergosterol  (C28H43OH)  occurs  in  both  plants  and  animals 

and  is  a  precursor  of  vitamin  D.  . 

Cholesterol  and  ergosterol  are  absorbed  by  the  animal  from 

its  food,  the  phytosterols  are  not. 
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(c)  CARBOHYDRATES 


The  carbohydrates  are  much  more  characteristic  of  plants, 
and  therefore  of  vegetable  feeding-stuffs,  than  they  are  of 
animals.  Except  in  the  case  of  some  of  the  protein-rich 
vegetable  feeding-stuffs,  containing  between  30  per  cent  and 
50  per  cent  of  crude  protein,  the  carbohydrate  content  is 
greater,  often  very  much  greater,  than  the  protein  content. 
In  the  animal  the  reverse  is  true. 

The  carbohydrates  are  compounds  of  carbon,  hydrogen  and 
oxygen.  Chemically  they  may  be  regarded  as  aldehyde  and 
ketone  alcohols.  They  are  classified  by  division  into  three 
groups — 


1.  Monosaccharides  (or  simple  sugars). 

2.  Disaccharides  (or  more  complex  sugars). 

3.  Polysaccharides. 

1.  The  monosaccharides  are  further  subdivided  according 
to  the  number  of  carbon  atoms  contained  in  their  molecules, 
e.g.  Pentoses  (with  five  carbon  atoms),  Hexoses  (with  six 
carbon  atoms). 

The  pentoses  are  isomeric  with  each  other  and  all  have  the 
molecular  formula  C5H10O6,  e.g.  arabinose,  xylose,  ribose. 
Similarly,  the  hexoses  are  isomerides  having  the  formula 
C6H1206,  e.g.  glucose,  fructose,  galactose. 

The  structure  of  the  monosaccharides  is  built  up  on  the 
heterocvclic  six-membered  ring  shown  below. 


I 


4|\ 


|3 


0 


\l 


y 

|2 


.Cl 


For  convenience  the  carbon  atoms  are  numbered  as  shown. 
The  plane  of  the  ring  is  vertical  to  the  page.  Each  of  the 
two  valencies  of  each  carbon  atom,  shown  in  the  above 
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diagram  as  being  free,  is  exerted  in  a  plane  parallel  to  the 
page  and  is  satisfied  by  hydrogen  or  hydroxyl  above  and 
below  the  plane  of  the  ring.  In  the  pentoses  carbon  atom  5 
is  satisfied  by  two  hydrogen  atoms,  the  remaining  carbon 
atoms  by  hydrogen  and  hydroxyl.  In  the  aldohexoses  the 
sixth  carbon  atom  is  attached  to  carbon  atom  5,  in  the  form 
of  a  — CH2 — OH  group,  whilst  in  the  ketohexoses  the 
— CH2 — OH  group  is  attached  to  carbon  atom  1.  Thus  the 
three  pentoses  arabinose,  xylose  and  ribose  may  be  written 
as  follows,  the  carbon  atoms  in  the  ring  being  omitted : 


HOH 


Arabinose  Xylose  Ribose 

Similarly,  glucose,  galactose  and  fructose  may  be  written : 


Glucose 


In  the  monosaccharides  the  groups  attached  to  carbon 
atom  1  are  capable  of  interchanging  their  positions  so  that 
in  the  case  of  glucose,  for  example,  two  forms  exist : 
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Moreover,  the  hydrogen  of  the  hydroxyl  group  attached  to 
carbon  atom  1  can,  under  appropriate  circumstances,  be 
replaced  by  monovalent  atoms  or  groups  to  give  glucosides, 
of  which  there  are  two  forms.  Many  of  these  glucosides 
occur  in  nature  and  some  of  them  are  poisonous,  e.g.  the 
cyanogenetic  glucosides  in  which  the  group  substituted  into 
the  sugar  molecule  contains  HCN.  This  glucoside  formation 
provides  a  means  whereby  monosaccharide  molecules  can  be 
linked  together  in  nature  for  the  purpose  of  carbohydrate 
storage  in  both  plant  and  animal.  Thus,  for  example,  one 
may  picture  hexose  molecules  linking  together  with  elimination 
of  molecules  of  water  thus  : 


I.A.C. 


N 
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In  this  case  the  union  of  the  hexose  molecules  is  shown  as 
having  occurred  through  a  linkages.  It  could  equally  well 
have  occurred  through  ft  linkages. 

It  is  doubtless  in  some  such  way  as  this  that  the  disacchar¬ 
ides  and  polysaccharides  are  built  up  in  nature. 

The  simple  sugars  are  all  crystalline  soluble  substances, 
which  are  optically  active  and  have  reducing  properties. 

2.  The  disaccharides  may  be  regarded  as  being  formed 
from  two  hexose  molecules  less  a  molecule  of  water.  They 
therefore  may  be  formulated  C^H^On  and  are  exemplified 
by  sucrose,  maltose,  lactose  and  cellobiose. 

They  are  susceptible  to  hydrolysis  either  by  treatment  with 
acids  or  under  the  influence  of  appropriate  enzymes. 

Sucrose  on  hydrolysis  yields  Glucose  and  Fructose 

Maltose  „  „  „  Glucose 

Lactose  „  „  „  Glucose  and  Galactose 


and  all  three  changes  are  represented  thus : 

C12II22O11  d*  H2O  =  C6H1206  +  C6H1206 
Sucrose  is  a  white  crystalline  soluble  substance  having  no 
reducing  properties.  It  may  be  represented  thus  : 


Maltose,  or  malt  sugar,  is  a  white  crystalline  soluble  reducing 
sugar  and  is  believed  to  be  a-glucosido  glucose. 


H-OH 
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Cellobiose,  produced  by  hydrolysis  of  cellulose,  is  believed 
to  be  /Lglucosido  glucose. 


Lactose,  or  milk-sugar,  is  a  white,  crystalline,  soluble, 
reducing  sugar,  which  is  rather  less  sweet  than  sucrose  or 
maltose  and  is  believed  to  be  /Lgalactosido  glucose. 


3.  The  polysaccharides  may  be  thought  of  as  being  built 
up  from  molecules  of  monosaccharide  with  elimination  of 
molecules  of  water.  Hydrolysis  of  the  polysaccharides 
resolves  them  ultimately  into  the  monosaccharides  of  which 
they  are  built  up.  Thus,  starch,  glycogen  and  cellulose  yield 
glucose  as  their  sole  constituent  sugar  and  the  change  may 
be  represented  thus  : 

(C6H10O5)n  +  nH20  =  wC6H1206 

The  importance  of  these  hydrolytic  cleavages  of  both 
polysaccharides  and  disaccharides  lies  in  the  fact  that  they 
occur  in  the  gut  during  digestion,  and  it  is  mainly  in  the 
form  of  hexose  (chiefly  glucose)  that  the  animal  absorbs  its 
carbohydrate  from  the  digestive  products  of  its  food. 

Starch  and  glycogen  appear  to  be  built  up  from  glucose 
through  a-linkages  and  cellulose  through  ^-linkages  (see  p.  184). 

Carbohydrates  in  the  Food.  Since  the  carbohydrates 
are  characteristic  of  vegetable  material  one  would  expect 
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them  to  be  widely  distributed  amongst  plants  and  plant 
feeding-stuffs. 

Glucose  and  fructose  are  found  free  in  the  sap  of  many 
plants  but  only  in  small  quantity. 

Sucrose  occurs  in  rather  larger  quantity  in  roots  like  the 
sugar-beet,  and  maltose  is  found  in  small  amounts  in  germin¬ 
ating  seeds  and  in  plant  sap. 

But,  from  the  quantitative  point  of  view,  it  is  the  poly¬ 
saccharides  which  are  important  in  the  feeding-stuffs. 

Starch  occurs  in  plant  leaves,  stems,  seeds,  roots  and  tubers. 
It  is  extensively  stored  in  cereal  seeds  to  provide  for  the 
nutrition  of  the  developing  embryo.  It  occurs  in  potato 
tubers  and  in  certain  species  (e.g.  Composite)  it  is  replaced  by 
inulin  (a  polysaccharide  which  yields  fructose  on  hydrolysis). 

Cellulose  constitutes  the  cell  walls  and  structural  and 
woody  parts  of  plants  and  is  known  as  one  of  the  structural 
polysaccharides.  It  is  associated  in  the  plant  with  xylan 
(a  pentosan)  and  in  the  mature  plant  the  cell  walls  also 
contain  “  encrusting  substances  ”  called  lignin,  and  con¬ 
sisting  apparently  of  substituted  celluloses  (methoxy  and 
ethoxy  derivatives).  Cutin  also  occurs  in  such  cell  walls. 
The  cellulose,  pentosan,  lignin  and  cutin  together  make  up 
what  is  known  as  the  “  crude  fibre  ”  of  the  food. 

The  carbohydrate  constituents  of  the  food  are  of  con¬ 
siderable  nutritive  importance  since  the  greater  part  of  the 
farm  animal’s  energy  intake  is  supplied  in  this  form. 

Carbohydrates  in  the  Animal.  In  the  animal  body  the 
carbohydrates,  though  small  in  amount,  are  functionally 
important.  Glucose  occurs  in  the  intestine  during  digestion  ; 
it  is  present  in  small  amount  in  the  blood  and  may  be  present 
in  traces  in  normal  urine,  but  is  present  in  large  amount  in 
the  urine  of  diabetic  animals.  It  appears  to  be  the  form  in 
which  carbohydrate  is  chiefly  transported  about  the  tissues, 
and  the  starting-point  in  the  synthesis  of  glycogen,  which  is 
stored  as  a  carbohydrate  reserve  in  the  liver  and  is  present 
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in  small  amount  in  the  muscles,  where  it  is  used  up  during 

the  performance  of  muscular  work. 

Lactose  is  synthesized  in  the  mammary  gland  of  the 

lactating  animal  and  is  present  in  milk. 


(d)  MINERAL  SUBSTANCES 

Incineration  of  animal  or  vegetable  material  at  a  dull  red 
heat  leaves  a  residue,  called  the  ash,  which  may  be  taken 
as  representative  of  the  mineral  content  of  the  original 
material.  Analysis  of  the  ash  usually  reveals  the  presence 
of  silica,  calcium,  magnesium,  sodium,  potassium,  iron,  sul¬ 
phur,  phosphorus  and  chlorine,  whilst  traces  of  iodine, 
manganese,  copper,  zinc,  cobalt  and  others  may  be  present. 

These  elements  exist  in  the  animal  and  its  food  in  both 
inorganic  and  organic  combination  and,  as  will  be  seen  later, 
they  have  an  important  role  in  metabolism. 

The  mineral  content  of  plants  and  of  vegetable  feeding- 
stuffs  is  variable,  and  moreover,  the  distribution  of  the 
mineral  elements  in  the  plant  is  quite  different  from  that  in 
the  animal. 

More  than  80  per  cent  of  the  ash  of  the  body  is  present 
in  the  skeleton,  whereas  in  the  plant  most  of  the  ash  is  present 
in  the  vegetative  parts.  Seeds  are  usually  low  in  ash,  and, 
moreover,  plant  ash  usually  contains  more  silica  than  animal 
ash.  The  greater  part  of  animal  ash  is  composed  of  calcium 
and  phosphorus,  whereas,  with  the  exception  of  leguminous 
seeds,  plant  ash  is  low  in  these  elements.  Most  vegetable 
foods  which  are  good  sources  of  calcium  are  poor  in  phos¬ 
phorus,  and  vice  versa.  The  vegetative  parts  of  plants 
contain  more  calcium  than  the  seeds  and  the  seeds  more 
phosphorus  than  the  vegetative  parts.  Leaves  are  richer  in 
both  calcium  and  phosphorus  than  are  stems. 

Now,  the  animal  depends  upon  its  food  for  its  mineral 
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nutrients,  and  it  requires  comparatively  large  amounts  of 
calcium  and  phosphorus,  amongst  other  mineral  elements. 
These  may  quite  well  be  present  in  the  food  in  insufficient 
amount,  and  in  the  wrong  proportion  to  one  another,  and 
thus  the  necessity  for  supplementing  the  diet  with  chalk, 
steamed  bone  flour,  etc.,  arises. 


(e)  THE  VITAMINS 

The  existence  of  vitamins  in  plant  and  animal  material 
was  not  fully  recognized  until  early  in  the  present  century, 
after  experiments  had  shown  that  animals  cannot  sustain  life 
on  diets  composed  of  mixtures  of  chemically  pure  water, 
proteins,  fats,  carbohydrates  and  mineral  salts.  Sirfce  then, 
research  has  revealed  the  existence  of  a  number  of  these 
substances,  their  chemical  nature  has  been  established  and 
in  some  cases  they  have  been  synthesized. 

They  are  divided  into  two  groups,  those  preferentially 
soluble  in  fat  and  those  preferentially  soluble  in  water. 

The  fat  soluble  ones  are  : 

1.  Vitamin  A ,  a  practically  colourless  alcohol  (C22H29OH) 

which  is  a  growth-promoting,  disease-resisting  factor,  essential 
to  normal  nutrition  at  all  ages.  It  is  present  outstandingly 
in  fish-liver  oils,  egg-yolk,  butterfat,  liver  and  other  animal 
products.  It  is  not  present  as  such  in  the  plant,  but  the 
green  parts  of  plants  contain  a  group  of  yellow  pigments 
known  as  a,  (3  and  y  carotenes  and  hydroxy-^-carotene  or 
cryptoxanthine,  from  which  the  vitamin  can  be  formed  by 
hydrolysis.  Thus  animals  can  obtain  their  vitamin  A  from 

plant  foods. 

2.  Vitamin  D,  which  is  antirachitic  (i.e.  resists  the  develop¬ 
ment  of  rickets).  Fish-liver  oils  are  rich  sources  of  vitamin  D, 
and  egg-yolk  and  butterfat  contain  the  vitamin,  but  its  distn- 
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bution  in  nature  is  lipiited.  Living,  growing  plants  are 
devoid  of  the  vitamin,  and  seeds  are  practically  so,  but  the 
drying  of  cut  crops  in  sunlight,  as  during  haymaking,  causes 
the  development  of  vitamin  D  by  activation  of  the  sterols 
in  the  plant. 

3.  Vitamin  E,  of  which  three  naturally  occurring  forms  are 
now  recognized,  namely,  a,  ft  and  y  tocopherol.  It  is  con¬ 
cerned  in,  reproduction  and  its  absence  from  the  diet  results 
in  sterility.  Vitamin  E  is  widely  distributed  in  nature.  It 
occurs  in  the  oil  of  the  embryos  of  seeds.  Wheat-germ  oil 
is  an  especially  rich  source.  It  is  present  in  the  green  parts 
of  plants  and  in  various  animal  products. 

4.  Vitamin  K,  which  is  concerned  with  the  formation  of 
prothrombin  in  the  liver.  Its  absence  leads  to  lowered 
prothrombin  in  the  blood,  and  therefore  to  lowered  clotting 
power.  It  is  called  the  anti -haemorrhagic  vitamin. 

The  water-soluble  vitamins  are  as  follows  : 

(1)  Vitamin  B,  which  was  at  first  thought  to  be  a  single 
substance  but  is  now  known  to  be  multiple  in  character. 
The  vitamin  B  complex  contains — 

(а)  Vitamin  Bu  or  Thiamin,  which  is  antineuritic  in 
character,  resisting  development  of  beri-beri  in  man  and 
polyneuritis  in  birds.  It  acts  as  a  catalyst  in  metabolism. 
It  occurs  markedly  in  the  germ  and  seed-coats  of  cereal  grains 
and  therefore  in  their  milling  offals.  Brewers’  yeast  is  a  very 
rich  source  and  plant  leaves  contain  it  in  fair  amount.  It 
is  also  present  in  egg-yolk,  and  in  the  fiver,  heart  and  kidneys. 
It  is  synthesized  by  bacteria  in  the  rumen. 

(б)  Vitamin  B2,  or  Riboflavin,  which  is  concerned  in  physio¬ 
logical  oxidation,  and  is  growth-promoting.  It  is  abundantly 
present  m  green  plant  leaves  and  present  in  grains  and 
leguminous  seeds.  It  also  occurs  abundantly  in  egg-white, 
in  the  fiver,  and  m  milk,  and  is  present  in  the  heart,  brain, 
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pancreas,  muscles  and  other  organs. 

It  is  synthesized  by  bacteria  in  the  rumen. 

(c)  Nicotinic  acid  and  nicotinic  acid  amide,  which  are 
widely  distributed  in  plants  and  animals.  Deficiency  results 
in  the  development  of  the  disease  pellagra  in  man,  of  black 
tongue  in  dogs  and  of  a  form  of  enteritis  in  pigs.  Nicotinic 
acid  is  synthesized  in  the  rumen.  The  amide  is  concerned  in 
physiological  oxidations. 

(cf)  Pantothenic  acid,  which  is  widely  distributed  in  nature, 
is  known  as  the  chick  anti-dermatitis  factor,  and  is  essential 
in  the  diet  of  chicks  and  rats.  It  is  synthesized  in  the 
rumen. 

(2)  Vitamin  C ,  which  is  known  as  ascorbic  acid,  and  resists 
the  development  of  scurvy.  It  is  outstandingly  present  in 
fresh  fruits  and  leafy  vegetables,  though  other  vegetables 
contain  considerable  quantities  of  it.  It  is  absent  from 
resting  tissues  like  seeds,  but  present  in  tissues  in  which 
active  metabolic  processes  are  proceeding.  Animal  products 
are  poor  in  vitamin  C,  though  it  is  present  in  eggs,  muscle- 
tissues,  glandular  tissues  and  in  milk.  It  is  destroyed  in 
the  rumen. 

The  Analysis  of  Feeding-Stuffs 

The  groups  of  nutrients  present  in  a  feeding-stuff  are 
analytically  determined  by  means  of  the  conventional  feeding- 
stuffs  analysis,  the  items  of  which  are  as  follows  : 

1.  Moisture  or  water. 

2.  Crude  protein. 

3.  Ether  extract. 

4.  Crude  fibre. 

5.  Ash. 

6.  Nitrogen-free  extractives,  or  soluble  carbohydrates. 

The  scheme  of  analysis  is  essentially  that  devised  in  1865 
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by  Henneberg  and  Stohmann.  Despite  the  fact  that  the 
methods  are  open  to  some  obvious  criticisms,  the  results 
serve  to  characterize  the  feeding-stuff  and  form  the  basis  for 
the  estimation  of  its  nutritive  value. 

The  methods  employed  will  be  described  only  in  outline 
here.  Details  of  analytical  technique  should  be  sought  in 
practical  textbooks. 

1.  Moisture  is  determined  by  drying  to  constant  weight  at 
temperatures  depending  on  the  nature  of  the  material.  The 
result  represents  not  merely  the  water  content  but  also 
includes  any  other  material  volatile  at  the  temperature  of 
drying  (e.g.  volatile  acids  in  silage).  The  moisture  percentage 
subtracted  from  100  gives  the  percentage  of  dry  matter. 

2.  Crude  protein  is  arrived  at  by  determining  the  total 
nitrogen  content  of  the  food  and  multiplying  by  6-25.  This 
involves  two  assumptions,  first,  that  all  the  nitrogen  present 
is  present  as  protein,  and  secondly,  that  all  the  proteins 
contain  16  per  cent  of  nitrogen  (whence  the  factor  i-0^-  or 
6-25).  Neither  of  these  assumptions  is  true.  Crude  protein 
is  made  up  of  true  protein  plus  non-protein  nitrogenous 
substances  calculated  as  protein,  and  including  amino-acids, 
amides,  nitrogenous  bases,  and  ammonium  salts,  etc.  The 
virtue  of  the  method,  however,  lies  in  the  fact  that  it  gives 
a  figure  which  is  a  measure  of  the  protein  value  of  the  food 
to  the  animal.  A  large  proportion  of  the  non-protein  nitro¬ 
genous  constituents,  as  has  been  already  pointed  out,  are 
capable  of  contributing  to  the  protein  nutrition  of  the  animal. 
Thus  the  digestible  crude  protein  content  of  a  food  may  be 
regarded  as  a  better  measure  of  its  protein  value  than  the 
digestible  true  protein  content,  since  the  latter  entirely 
neglects  the  value  of  the  non-protein  nitrogenous  constituents. 
A  compromise  between  the  two  is  effected  by  calculating  the 
protein  equivalent,  which  is  half  the  sum  of  the  digestible 
true  protein  and  the  digestible  crude  protein.  This  gives  to 
the  non-protein  nitrogen  half  the  value  which  it  would  have 
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if  it  were  actually  protein  nitrogen. 

The  true  protein  content  is  determined  by  heating  the  food 
with  water  and  adding  a  protein  precipitant.  Filtration  and 
washing  then  remove  the  non-protein  nitrogenous  substances, 
which  are  soluble,  and  the  nitrogen  content  of  the  residue 
is  determined  and  multiplied  by  6-25. 

3.  The  oil,  or  ether  extract,  is  determined  by  continuous 
extraction  of  a  weighed  quantity  of  the  material,  with  ether 
or  with  petroleum  spirit  boiling  between  50°  and  60°  C.  in  a 
Soxhlet  extraction  apparatus.  It  is  made  up  of  fats  and  oils 
together  with  a  number  of  non-fatty  ingredients,  including — 

{a)  Chlorophyll,  which  is  present  in  the  extracts  of  green 
fodders  and  hays  and  has  no  nutritive  value. 

(b)  Waxes,  derived  from  the  protective  film  on  mature 
leaves  and  stalks  and  having  no  nutritive  value. 

(c)  The  sterols,  of  which  cholesterol  and  ergosterol  are 
absorbed  by  the  animal,  the  phytosterols  not. 

(d)  Phosphatides,  which  are  important  constituents  of 
protoplasm  and  concerned  in  fatty-acid  transport  and  meta¬ 
bolism  in  the  animal  body. 

Of  these  the  sterols  and  phosphatides  do  not  usually  occur 
to  any  important  extent  in  the  ether  extracts  of  feeding-s tuffs. 
But  waxes  and  chlorophyll  may  together  make  up  half  the 
ether  extract  of  roughages  and  succulents,  and  this  must  be 
taken  into  account  in  interpreting  such  figures  as  a  measure 
of  fat  or  oil  content. 

4.  Crude  fibre  is  determined  by  digesting  the  residue  from 
the  ether  extract  determination,  first  with  1J  per  cent  H2S04 
and  then,  after  washing  with  boiling  water  till  free  from 
acid,  with  1J  per  cent  NaOH.  The  residue  is  washed  and 
dried  to  constant  weight  and  then  ignited.  The  loss  in  weight 
is  the  crude  fibre.  The  determination  is  carried  out  under 
closely  controlled  conditions  and  the  method  is  a  purely 
conventional  one. 

The  crude  fibre  consists  of  insoluble  carbohydrates,  including 
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cellulose  and  lignin  and  other  hexosans  and  pentosans.  It 
is  not  a  measure  of  the  indigestible  carbohydrate  of  the  food 
since  some  of  it  is  invariably  digested  by  ruminants  and  some 
indigestible  carbohydrate  is  not  included  in  it. 

5.  Ash  is  determined  by  incinerating  a  weighed  quantity 
of  the  feeding-stuff  at  a  dull  red  heat  until  a  white  or  greyish- 
white  residue  remains.  The  ash  is  a  measure  of  the  mineral 
or  inorganic  elements  present  in  the  feeding-stuff.  It  includes 
both  those  originally  present  as  electrolytes  and  also  those 
present  in  organic  combination.  It  is  to  be  noted,  however, 
that  some  of  the  phosphorus,  sulphur  and  chlorine  are  invari¬ 
ably  volatilized  during  the  ashing  process,  and,  therefore, 
determinations  of  these  elements  are  made  by  wet  com¬ 
bustion  on  the  original  material.  Determinations  of  other 
elements  such  as  calcium,  magnesium,  sodium  and  potassium 
can  be  made  on  the  ash.  Care  is  necessary  in  controlling  the 
temperature  of  ashing,  for  sodium  and  potassium  will  be 
volatilized  if  a  dull  red  heat  is  exceeded. 

6.  The  nitrogen-free  extract  is  obtained  by  adding  together 
the  percentages  of  moisture,  crude  protein,  ether  extract, 
crude  fibre  and  ash,  and  subtracting  the  sum  from  100.  It 
thus  includes  the  algebraic  sum  of  the  errors  of  the  other 
determinations,  and  represents  the  dry  matter  not  included 
in  the  other  groups.  It  includes  a  variety  of  carbohydrates, 
such  as  sugars,  starches,  gums,  carbohydrate  mucilage, 
and  the  greater  part  of  the  pentosans.  It  frequently  consti¬ 
tutes  a  large  part  of  the  dry  matter  of  the  feeding- stuff.  In 
some  cases  as  much  as  70  per  cent  of  the  dry  matter  consists 
of  nitrogen-free  extract,  and  it  is  therefore  unfortunate  that 
it  is  arrived  at  by  difference  and  not  directly  determined. 
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DIGESTION,  ABSORPTION  AND  DIGESTIBILITY 

DIGESTION 

Most  of  the  nutrients  in  the  food  are  in  the  form  of  large 
insoluble  molecules  which  are  incapable  of  passing  through 
the  intestinal  walls  into  the  blood  and  lymph  vessels  beneath 
and  are,  therefore,  unavailable  to  the  animal,  and  until  they 
have  been  considerably  modified  they  can  make  no  contri¬ 
bution  to  the  animal’s  nutrition.  This  modification  is  accom¬ 
plished  by  the  action  of  “  digestive  juices  ”,  secreted  by  glands 
along  the  alimentary  canal,  and  the  sum  total  of  the  changes 
which  they  bring  about  is  called  digestion.  The  passage  of 
the  digested  nutrients  through  the  intestinal  wall  is  called 
absorption. 

Some  simple  soluble  substances  such  as  amino-acids, 
glucose,  soluble  minerals  salts  like  NaCl,  etc.,  need  no  digestion, 
but  are  absorbed  without  change. 

Digestion  occurs  in  the  mouth,  stomach,  small  intestine  and 
large  intestine,  and  will  be  considered  under  these  headings : 

Digestion  in  the  Mouth .  By  means  of  the  lips,  tongue  and 
teeth,  food  is  drawn  into  the  mouth  and  masticated.  During 
mastication  the  food  is  comminuted  and  mixed  with  saliva, 
which  causes  if  to  cohere  and  lubricates  it,  thus  facilitating 
its  passage  down  the  oesophagus,  or  gullet,  during  swallowing. 

The  saliva  is  a  mixed  secretion  produced  by  three  pairs  of 
glands  in  the  mouth— the  parotid,  the  submaxillary,  and  the 
sublingual.  It  is  essentially  a  dilute  solution  of  a  starch- 
splitting  enzyme  known  as  ptyalin,  or  salivary  amylase, 
together  with  proteins  and  inorganic  salts.  The  proteins 
include  mucins  which  are  responsible  for  the  cohering  and 
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lubrication  of  the  food.  The  inorganic  salts  are  the  same 
as  those  found  in  blood',  but  are  present  in  very  much  smaller 
amount  and  in  different  proportion  from  each  other.  Phos¬ 
phate  and  chloride  ions  seem  to  be  the  most  abundant  ions 
present,  and  the  chlorine  ion  appears  to  be  the  essential 
co-enzyme  for  the  salivary  amylase.  Saliva  in  man  is  slightly 
acid,  having  a  pH  of  about  6’6.  In  farm  animals  it  is  slightly 
alkaline  and  in  ruminants  distinctly  alkaline. 

The  function  of  ptyalin  is  to  hydrolyse  starch  into  dextrins 
and  maltose,  probably  as  follows  : 

'Maltose 


Starch 


kEry  throdextri  n 


'Maltose 

< 

^Achroodextrin 


Maltose 


The  efficiency  with  which  ptyalin  can  bring  about  this 
change  is  largely  controlled  by  the  pH  of  the  saliva.  In  the 
presence  of  chloride  ions  the  activity  is  greatest  at  pH  6*7, 
but  the  range  of  activity  is  wide  (pH  4-9),  and  the  buffer 
action  of  the  C02  in  the  expired  air  keeps  the  pH  of  the  saliva 
fairly  close  to  its  optimum  value. 

Salivary  digestion,  then,  consists  of  the  hydrolysis  of 
starch,  through  dextrins,  to  maltose,  and  will  continue  whilst 
the  food  is  in  the  mouth  and  until  it  is  penetrated  by  acid 
gastric  juice  in  the  stomach. 

Amongst  farm  animals,  salivary  digestion  is  not  important. 
Only  the  pig  appears  to  secrete  ptyalin,  and,  moreover,  the 
capacity  of  the  pig’s  saliva  to  hydrolyse  starch  is  considerably 
less  than  that  of  man. 

The  saliva  of  the  horse,  sheep  and  ox  functions  mainly  as 
a  lubricant,  ptyalin  being  either  absent  or  present  in  insignifi¬ 
cant  amount. 
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Digestion  in  the  Stomach.  Farm  animals  may  be 
divided  into  two  groups,  non-ruminants  and  ruminants, 
according  as  they  possess  a  simple  or  a  compound  stomach. 

The  non-ruminants,  such  as  the  horse  and  pig,  have  a 
stomach  consisting  of  one  compartment,  in  which  gastric 
j  uice  is  secreted.  The  ox,  sheep  and  goat,  which  are  ruminants, 
have  a  compound  stomach  of  four  compartments,  the  rumen 
or  paunch,  the  reticulum  or  honeycomb,  the  omasum  or 
manifolds  or  manyplies,  and  the  abomasum.  The  abomasum 
is  sometimes  referred  to  as  the  true  stomach  and  is  the  only 
one  of  the  four  compartments  in  which  gastric  juice  is  secreted. 

The  two  types  of  stomach  are  illustrated  diagrammatically 
in  Fig.  23  below. 


Fiq.  23. 


Digestion  in  the  Ruminant  Stomach.  The  food,  after 
hasty  chewing  and  moistening  with  saliva,  is  formed  into 
“  boluses  ”  in  the  mouth,  swallowed,  and  passes  down  the 
oesophagus  into  the  forward  part  of  the  rumen.  Food 
thoroughly  soaked  with  saliva  will  fall  to  the  bottom  of  the 
rumen,  but  hays  and  coarse  fodders,  which  are  not  saturated 
with  liquid  in  the  mouth,  will  float  in  the  liquid  contents. 
Ordinarily  the  upper  part  of  the  rumen  contents  consists  of 
moistened  food,  whilst  the  lower  part  contains  liquid  (saliva 
and  water)  in  which  food  saturated  with  liquid  is  suspended. 
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The  food,  both  solid  and  liquid,  is  thoroughly  mixed  by  the 
muscular  movements  of  the  rumen  and  reticulum.  The 
reticulum,  which  is  smaller  than  the  rumen,  is  normally  filled 
with  a  porridge-like  mixture  of  food  and  liquid,  and  when 
the  muscular  walls  of  the  reticulum  contract,  much  of  this 
partially  liquid  mixture  is  forced  back  into  the  upper  part 
of  the  rumen,  thus  washing  food  which  has  just  entered  the 
rumen  towards  the  back  of  that  organ.  In  this  way  the 
moistened  food  in  the  upper  part  of  the  rumen  tends  to 
become  saturated  with  liquid  and  to  sink  into  the  lower  part, 
whilst  the  contents  of  the  lower  part  tend  to  move  forward 
to  the  opening  into  the  reticulum.  The  relaxation  of  the 
walls  of  the  reticulum  which  follows  each  contraction,  causes 
the  size  of  that  organ  to  increase,  and  thus  liquid,  and  food 
saturated  with  liquid,  are  sucked  into  it,  and  it  becomes 
filled  again. 

That  part  of  the  food  in  the  reticulum  which  is  sufficiently 
fine  in  consistency,  and  saturated  with  liquid,  will  now  pass 
into  the  omasum,  and  undergo  grinding  between  the  leaves 
of  that  organ.  The  remaining  food  will  either  be  returned  to 
the  rumen  for  further  softening,  or  regurgitated  into  the 
mouth  for  further  chewing  during  rumination,  or  both. 

Rumination  occurs  after  a  meal  has  been  eaten,  and  con¬ 
sists  in  the  forcing  of  food  from  the  reticulum  by  way  of 
the  oesophagus  into  the  mouth,  where  it  is  thoroughly  masti¬ 
cated  and  mixed  with  saliva.  The  passage  of  the  cud  up 
the  oesophagus  into  the  mouth  is  accomplished  by  contraction 
of  the  muscular  walls  of  the  oesophagus,  and  as  the  cud  enters 
the  mouth  the  bulk  of  the  liquid  is  squeezed  out  of  it  and 
immediately  swallowed.  The  cud,  after  thorough  chewing, 
is  swallowed,  and  passes  into  the  forward  part  of  the  rumen, 
and  being  now  saturated  with  saliva,  is  not  washed  back  by 
incoming  reticulum  contents,  but  is  sucked  into  the  reticulum 
and  passed  on  into  the  omasum. 

An  essential  condition  for  rumination  is  a  sufficiency  of 
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liquid  in  the  reticulum.  The  provision  of  water  is  therefore 
essential. 

Fermentation  in  the  Rumen  and  Reticulum.  Neither 

the  rumen  nor  the  reticulum  secretes  any  digestive  juice  or 
enzyme.  But  considerable  digestive  changes  occur  in  these 
organs.  It  is  well  known  that  cellulose,  the  chief  constituent 
of  the  “  crude  fibre  ”  of  feeding-stuffs,  is  broken  down  during 
digestion,  despite  the  fact  that  no  cellulose-splitting  enzyme 
is  secreted  in  the  animal  body,  and  that  plant  cytases  are  of 
little  significance  in  this  connection.  The  agents  responsible 
for  cellulose  digestion  are  bacteria,  and  the  site  of  their 
activity  is  the  rumen  and  reticulum,  and  in  the  non-ruminant 
the  large  intestine. 

The  products  of  this  bacterial  fermentation  are  acetic  and 
butyric  and  other  lower  fatty  acids,  together  with  gases, 
chiefly  C02,  CH4,  and  H2.  The  fatty  acids  are  absorbed  and 
used  by  the  tissues,  and  the  gases,  being  useless  to  the  animal, 
are  eliminated.  The  fermentation  is  accompanied  by  the 
evolution  of  a  certain  amount  of  heat  which  serves  to  warm 
the  rumen  contents  up  to  body  temperature. 

Ruminant  digestion  of  cellulose  has  been  investigated  by 
Woodman  et  alii,  whose  experiments  showed  that  cellulose 
is  broken  down  by  rumen  micro-organisms  to  glucose,  via 
cellobiose,  and  that  during  the  fermentation  process,  formic, 
acetic,  butyric,  lactic  and  pyruvic  acids  are  formed.  It  thus 
seems  highly  probable  that  glucose  is  formed  as  an  inter¬ 
mediate  product  in  the  breakdown  of  cellulose  and  that  some 
of  it  is  absorbed  as  such  and  some  further  broken  down  by 
bacteria  to  simple  organic  acids. 

Woodman  et  alii  believe  that  the  major  part  of  the  cellulose 
broken  down  in  the  rumen  is  absorbed  as  glucose,  and  point 
out  in  support  of  their  view  that  Kellner  observed  digestible 
fibre  to  have  a  similar  fattening  value  to  digestible  starch 
or  sugar,  which  could  not  be  so  if  the  end-products  of  cellulose 
breakdown  were  absorbed  entirely  as  organic  acids. 
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Apart  from  the  value  of  the  breakdown  products  of  cellulose 
to  the  animal,  this  bacterial  fermentation  exerts  an  indirect 
effect  upon  digestion  in  breaking  down  the  walls  of  intact 
plant  cells.  This  exposes  the  cell  contents  to  subsequent 
enzymic  breakdown  in  the  alimentary  tract.  If  the  cell 
walls  are  not  ruptured  mechanically,  or  disintegrated  by 
bacterial  fermentation,  then  potentially  digestible  material  in 
the  cell  contents  will  escape  digestion,  and  the  cell  and  its 
contents  will  appear  in  the  faeces  unchanged. 

Starch  and  sugars  are  not  immune  from  this  fermentation. 
Addition  of  starch  to  the  food  will  be  followed  by  an  increased 
production  of  CH4.  Moreover,  the  absence  of  ptyalin  from 
the  saliva  of  ruminants  is  probably  no  disadvantage  to  them, 
for  if  it  were  present  its  action  would  continue  in  the  rumen 
and  reticulum,  and  would  present  the  bacteria  with  easily 
fermentable  sugar  which  would  probably  result  in  a  lowered 
digestion  of  cellulose. 

The  contents  of  the  omasum  have  a  much  lower  moisture 
content  than  those  of  the  rumen  and  reticulum,  and  con¬ 
ditions  are  therefore  not  so  favourable  for  bacterial  or  chemical 
action.  The  chief  change  occurring  in  the  omasum  is  a 
mechanical  breakdown  of  the  particles  of  food,  brought  about 
by  rubbing  between  the  leaves  of  that  organ. 

Digestion  in  the  Abomasum  and  in  the  Simple  Non- 
ruminant  Stomach.  The  food  mass  entering  the  ruminant 
abomasum  or  the  non-ruminant  stomach,  is  penetrated  by  acid 
gastric  juice  which  is  secreted  by  glands  in  the  fundal  region. 

The  gastric  juice  of  both  ruminants  and  non-ruminants  is 
similar  in  composition  and  consists  essentially  of  a  dilute 
solution  of  hydrochloric  acid  (about  0-5  per  cent  HC1)  con¬ 
taining  inorganic  salts  and  organic  substances.  Amongst  the 
organic  substances  three  enzymes  occur,  viz.  : 

Gastric  pepsin. 

Gastric  rennin. 

Gastric  lipase. 
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Pepsin  is  produced  in  the  parietal,  or  chief  cells  of  the 
stomach-wall,  in  the  form  of  its  zymogen,  or  precursor,  called 
pepsinogen.  It  is  a  proteolytic  enzyme,  but  its  precursor, 
pepsinogen,  has  no  proteolytic  properties,  and  is  believed  to 
be  converted  into  active  pepsin  by  hydrochloric  acid,  thus  : 

HCl 

Pepsinogen  - >  Pepsin 

Pepsin  requires  an  acid  medium  in  which  to  work.  The 
optimum  reaction  for  its  efficient  functioning  is  about  joH  2-0. 
Gastric  acidity  is  lowered  by  the  alkaline  saliva  and  by 
amphoteric  protein  in  the  food,  as  well  as  by  regurgitation 
of  alkaline  duodenal  contents.  Moreover,  the  gastric  contents 
of  ruminants  contain  organic  acids  produced  by  bacterial 
fermentation  in  the  rumen.  Thus,  gastric  acidity  is  variable 
and  dependent  upon  the  nature  of  the  food,  the  amount  of 
saliva  to  be  neutralized,  and  the  rate  and  extent  of  HCl 
secretion,  as  well  as  upon  other  factors. 

In  the  acid  medium  of  the  stomach  pepsin  causes  partial 
hydrolysis  of  protein,  thus  : 

Protein  — >  Metaproteins  — >  Proteoses  — >  Peptones 

Ordinarily  gastric  digestion  of  protein  proceeds  no  further 
than  this.  Protein  digestion  is  completed  in  the  small  intes¬ 
tine  by  the  pancreatic  juice.  Pepsin  probably  acts  upon  a 
linkage  other  than  the  peptide  ( — CO — NH — )  linkage, 
possibly  an  ester  or  anhydride  linkage. 

Nucleoproteins  are  believed  to  be  broken  down  by  the 
gastric  juice  into  simple  protein  and  nuclein.  The  simple 
protein,  so  produced,  is  hydrolysed  by  pepsin,  and  the  nuclein 
undergoes  further  breakdown  by  the  pancreatic  juice. 

Gastric  juice  has  the  power  of  clotting  milk  and  this  has 
been  assumed  to  be  due  to  rennin,  the  function  of  which  is 
imperfectly  understood.  It  appears  to  split  off  a  proteose 
from  the  casein  molecule  giving  paracasein,  which  is  soluble, 
and  in  the  presence  of  a  sufficiency  of  calcium  ions,  insoluble 
calcium  paracasein  is  formed  and  a  clot  produced. 
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rennin  .  . 

Casein  _ — >»  •  Paracasein  (soluble) 

Paracasein  +  Ca  — ►  Calcium  paracasein  (insoluble) 

This  coagulation  is  of  some  importance  in  the  stomach  of  the 
suckling  animal,  for  it  causes  milk  to  be  retained  there  longer 
than  would  otherwise  be  the  case,  in  order  that  its  protein 
may  be  digested  by  pepsin. 

There  is  some  dispute  as  to  whether  rennin  actually  exists 
or  whether  it  is  identical  with  pepsin.  Some  believe  that 
pepsin  has  both  proteolytic  and  milk-coagulating  powers. 
Others  hold  that  pepsin  and  rennin  are  separate  enzymes. 
The  latter  point  of  view  seems  to  be  the  more  probable. 

Gastric  lipase,  which  hydrolyses  fat  into  its  constituent 
fatty  acids  and  glycerol,  is  present  in  small  amounts  in  non- 
ruminants.  It  is  functionally  unimportant,  having  little 
action  upon  non-emulsified  fats. 

Digestion  in  the  Small  Intestine.  Pepsin  continues  to 
act  upon  the  semi-liquid  food  mass  entering  the  small  intestine 
from  the  stomach  until  its  acidity  has  been  neuturalized  by 
alkaline  pancreatic  juice,  bile,  and  intestinal  juice,  which 
together  accomplish  intestinal  digestion. 

Pancreatic  juice  is  secreted  by  the  pancreas  and  discharged 
into  the  duodenum  by  way  of  the  pancreatic  duct.  It  is  a 
clear,  heat-coagulable,  alkaline  liquid  with  a  pH  of  about  8. 
It  consists  mainly  of  water,  containing  inorganic  and  organic 
substances  and  enzymes.  The  inorganic  matter  includes 
Na,  K,  Ca,  Cl,  P04,  and  C03,  and  the  alkalinity  is  due  to 
sodium  carbonate.  The  organic  matter  includes  coagulable 
protein  to  which  the  heat  coagulability  of  the  juice  is  due, 
and  there  are  at  least  three  enzymes  present,  viz.  : 

Pancreatic  amylase  (amylopsin),  a  starch-splitting  enzyme, 

Pancreatic  lipase  (steapsin),  a  fat-splitting  enzyme, 

Trypsin,  a  protein-splitting  enzyme  which  is  secreted  in  the  form  of  its 
zymogen,  trypsinogen. 

Pancreatic  amylase  resembles  salivary  amylase  and  con¬ 
verts  the  starch  present  in  the  food  into  dextrins  and  maltose. 
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According  to  Bayliss  and  Starling,  the  secretion  of  pancreatic 
juice  is  stimulated  by  a  hormone  called  secretin.  The  mucous 
lining  of  the  small  intestine  contains  prosecretin,  which  on 
contact  with  acid  changes  to  secretin,  and  this  passes  into  the 
blood-stream  and  so  to  the  pancreas  and  stimulates  the 
secretion  of  pancreatic  juice. 

Bile  is  a  yellowish  or  brownish-green  liquid  secreted  by  the 
liver  and  poured  into  the  duodenum  through  the  bile-duct. 
In  cattle,  sheep  and  pigs,  bile  is  stored  in  the  gall-bladder, 
where  it  may  undergo  concentration.  In  the  horse,  bile  comes 
direct  from  the  liver  to  the  duodenum.  Thus  the  compo¬ 
sition  of  bile  will  vary  as  between  different  species.  Bile 
contains  bile  pigments  (to  which  it  owes  its  colour),  bile  salts, 
cholesterol,  mucins  and  soaps.  The  parent  substance  of  the 
bile  pigments  is  haemoglobin  from  worn-out  red  blood  cor¬ 
puscles,  which  are  mobilized  in  the  liver  and  broken  down. 
The  haemoglobin  is  split  into  globin  (a  simple  protein)  and 
an  iron-containing  compound  called  haem.  In  some  manner, 
not  fully  understood,  the  iron  is  split  off  from  the  haem,  and 
is  used  in  making  fresh  haemoglobin,  and  the  remainder 
converted  into  bilirubin,  which  is  golden-red  in  colour. 
Bilirubin  is  converted  by  oxidation  into  biliverdin,  which  is 
green.  These  two  bile  pigments  are  not  used  by  the  body 
but  are  excreted  into  the  intestine  in  the  bile  and  are  ulti¬ 
mately  converted  by  bacteria  into  stercobilin,  which  is  brown 
in  colour  and  which  appears  in  the  faeces. 

Cholesterol  is  also  eliminated  in  the  bile,  in  which  it  is 
appreciably  soluble.  It  is  a  complex  cyclic  unsaturated  alcohol 
(C27H45OH)  related  to  ergosterol,  a  precursor  of  vitamin  D. 
It  is  widely  distributed  in  the  tissues,  and  doubtless  of 
considerable  physiological  importance,  but  its  function  in 
metabolism  is  obscure.  It  is  normally  converted  by  intestinal 
bacteria  into  coprosterol,  in  which  form  it  appears  in  the  faeces. 

The  bile  salts  are  the  sodium  salts  of  glycocholic  and 
taurocholic  acids.  Glycocholic  acid  is  a  compound  of  glycine 
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(NH2CH2COOH)  with  cholic  acid,  and  taurocholic  acid  is 
composed  of  taurine  (amino-ethyl  sulphonic  acid), 

nh2ch2ch2so3h 

and  cholic  acid.  Cholic  acid  has  the  formula  C23H3903C00H 
and  is  structurally  similar  to  cholesterol.  Bile  salts  assist  in 
fat  digestion  by  lowering  the  surface  tension  of  the  duodenal 
fluid,  and  stimulating  peristalsis,  thereby  helping  to  emulsify 
fat  in  the  duodenal  contents.  They  also  activate  pancreatic 
lipase  and  promote  the  solution  of  higher  fatty  acids  pro¬ 
duced  by  fat  hydrolysis,  thus  assisting  in  their  absorption. 

Mucins  and  soaps  present  in  the  bile  stabilize  the  fat 
emulsion,  so  that  a  larger  surface  is  available  for  the  action 
of  pancreatic  lipase  than  would  otherwise  be  the  case. 

Intestinal  juice,  or  “  succus  entericus  ”,  is  secreted  by 
glands  in  the  mucous  lining  of  the  small  intestine.  It  is  a 
colourless,  turbid,  alkaline  liquid  QsH  about  7-7),  consisting 
mainly  of  water,  containing  inorganic  salts,  proteins,  and 
other  substances,  and  the  following  enzymes  : 

Peptidases,  formerly  collectively  called  erepsin,  which  hydrolyse 
polypeptides  to  amino-acids. 

Sucrase,  which  hydrolyses  sucrose  to  glucose  and  fructose, 

Lactase,  which  hydrolyses  lactose  to  glucose  and  galactose, 

Maltase,  which  hydrolyses  maltose  to  glucose,  and  a  group  of  enzymes 
which  hydrolyse  the  nucleic  acids  produced  from  nucleoproteins 
during  gastric  and  pancreatic  digestion. 

There  is  also  a  substance,  possibly  an  enzyme,  called  entero- 
kinase,  which  activates  trypsin  of  the  pancreatic  juice. 

The  pancreatic  and  intestinal  juices  together  with  the  bile 
accomplish  the  digestion  of  protein,  fat  and  carbohydrate 
coming  from  the  stomach.  Protein,  together  with  the  pro¬ 
ducts  of  protein  digestion  by  pepsin,  is  broken  down  by 
trypsin  (activated  by  enterokinase)  to  the  amino-acid  stage. 
Peptidases  of  the  intestinal  juice  also  hydrolyse  polypeptides 
to  amino-acids.  Nuclein,  produced  from  nucleoprotein  by 
gastric  digestion,  is  converted  into  nucleic  acids  by  trypsin, 
and  the  nucleic  acids  are  subsequently  hydrolysed  by  enzymes 
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in  the  intestinal  juice  into  sugars,  purine  and  pyrimidine 
bases,  and  phosphoric  acid. 

Starch  which  has  escaped  the  influence  of  salivary  amylase 
is  hydrolysed  by  pancreatic  amylase  into  dextrins  and  maltose, 
and  maltose,  together  with  any  lactose  or  sucrose  present  in 
the  food,  is  hydrolysed  by  maltase,  lactase,  and  sucrase  to 
the  hexose  stage. 

Fat  digestion  is  accomplished  by  pancreatic  lipase  in  con¬ 
junction  with  the  bile.  The  fat,  under  the  influence  of  the 
bile,  is  emulsified  in  the  small  intestine,  and  then  hydrolysed 
by  the  lipase  into  glycerol  and  a  mixture  of  fatty  acids. 

Digestion  in  the  Large  Intestine.  In  the  case  of  her¬ 
bivorous  animals,  and  particularly  of  non-ruminants,  a 
significant  amount  of  digestion  takes  place  in  the  large 
intestine.  Much  of  the  food  may  arrive  in  the  large  intestine 
incompletely  digested  and  digestive  juices  and  enzymes 
carried  down  with  it  will  here  bring  about  chemical  changes 
similar  to  those  which  they  cause  elsewhere.  Moreover, 
bacteria  in  the  large  intestines  will  cause  both  fermentation 
and  putrefaction  to  occur. 

The  horse,  for  example,  has  a  relatively  large  caecum 
where  cellulose  is  fermented  by  bacteria  in  a  manner  similar 
to  that  which  occurs  in  the  rumen  and  reticulum. 

Putrefactive  bacteria  attack  undigested  protein  and  protein 
digestion  products  which  have  escaped  absorption,  though  in 
the  case  of  herbivora,  the  bacterial  action  is  mainly  of  the 
fermentative  type,  the  reverse  being  true  of  carnivores. 

Typical  products  of  protein  putrefaction  are  : 


Indole. 


UH: 

■\TXJ 


!H,  formed  from  tryptophane 


Skatole. 


C 


!H,  which  is  a  methyl  derivative  of  indole 
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These  are  partially  absorbed  into  the  blood -stream  and 
ultimately  excreted  in  the  urine.  The  odour  of  faeces  is  in 
part  due  to  indole  and  skatole. 


SUMMARY  OF  DIGESTION 


CARBOHYDRATES 


ptyalin 

Starch  - >  Dextrins  — >■  Maltose 

amylopsin 

sucrase 

Sucrose  - y  Glucose  and  Fructose 


Maltose 

Lactose 


Cellulose 


maltase 


lactase 


->  Glucose 


Glucose  and  Galactose 
rCH4C02H2 
J  Organic  acids 
~ >  j  Cellobiose 
^Glucose 


steapsin 

FATS  Fats  and  Oils  - >•  Fatty  acids  and 

Glycerol 


Simple 

proteins 


Protein 


pepsin 


>  Proteoses  and  Peptones 


Protein  trypsin 

Proteose  - >  Polypeptides  and  Amino- 

Peptone  acids 

peptidase 

Polypeptides  - >.  Amino-acids 


PROTEINS. 


Nucleo- 

protein 


pepsin 

Nucleoprotein  - >■  Protein  -4-  Nuclein 

trypsin 

Nuclein  - >-  Protein  +  Nucleic  acids 

nucleinase 

Nucleic  acid  - y  Nucleotides 

nucleotidase 

Nucleotide  - >  H3P04  +  Nucleosides 

nucleosidase 

Nucleoside  - *  Pentoses  or  Hexoses 

Purine  or  Pyrimidine 
bases 
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ABSORPTION 

Before  the  products  of  digestion  can  be  utilized  by  the 
animal  they  must  be  absorbed  through  the  walls  of  the 
alimentary  tract  into  the  blood  and  lymph. 

Absorption  takes  place  chiefly  through  the  walls  of  the 
small  intestine  in  omnivorous  and  carnivorous  animals.  In 
herbivorous  animals  and  particularly  in  non-ruminants,  con¬ 
siderable  absorption  also  occurs  in  the  large  intestine. 

Absorption  in  the  small  intestine  is  facilitated  by  the 
presence  of  numerous  finger-like  processes  called  villi,  which 
project  from  the  mucous  lining  and  thus  considerably  increase 
its  surface.  Each  villus  has  a  lymphatic  vessel,  called  a 
lacteal,  running  centrally  up  to  its  tip,  and  also  a  network 
of  blood  capillaries.  The  surface  of  the  small  intestine  as 
a  whole  is  closely  underlaid  by  capillary  blood  and  lymph 
vessels. 

There  are  no  villi  in  the  large  intestine,  but  nevertheless 
it  is  believed  to  be  adapted  for  absorption  in  herbivorous 
animals. 

Absorption  is  not  a  mere  diffusion  of  the  digested  nutrients 
through  the  intestinal  wall.  It  cannot  be  entirely  explained 
in  terms  of  osmosis  and  diffusion,  and  is,  at  least  in  part, 
a  function  of  the  living  epithelial  cells  in  the  lining  of  the 
intestine. 

The  end-products  of  protein  digestion  consist  mainly  of 
amino-acids,  and  these  are  absorbed  into  the  blood-stream 
and  go  via  the  portal  vein  to  the  liver.  Amino-acids  can  be 
detected  in  the  blood,  and  the  concentration  of  amino-N 
increases  after  digestion  of  food  containing  protein.  Some 
absorption  of  incompletely  digested  protein  is  believed  to 
take  place  in  the  polypeptide  form.  The  amino-acids  leave 
the  liver  by  the  hepatic  vein  and  are  carried  round  the  body 
by  the  blood  to  the  tissues  which  need  them. 

The  hexoses  and  organic  acids  produced  by  digestion  and 


ABSORPTION  209 

bacterial  fermentation  of  carbohydrate  are  absorbed  into  the 
portal  blood  and  go  to  the  liver.  In  the  liver,  glucose  is 
built  up  into  glycogen  and  stored  there  as  a  mobile  energy 
reserve.  The  change  may  be  represented 

wC6H1206  =  (C6H10O>  +  nH20 

Some  glycogen  is  also  deposited  in  the  muscles,  being  built 
up  from  blood  glucose.  Some  of  the  hexose  from  the  intestine 
passes  the  liver  and  goes  via  the  hepatic  vein  into  the  general 
circulation. 

The  products  of  fat  digestion  go  mainly  into  the  lymph, 
and  via  the  thoracic  duct  and  subclavian  vein  into  the  general 
circulation.  Attempts  which  have  been  made  to  recover 
absorbed  fat  from  the  thoracic  duct  have  failed  to  recover 
more  than  60  per  cent  of  that  which  has  disappeared  from 
the  intestine,  and  so  it  is  possible  that  fat  is  transferred  from 
lymph  to  blood  by  channels  other  than  the  thoracic  duct. 
It  is  also  possible  that  fat  absorption  may  take  place  to  some 
extent  directly  into  the  blood.  The  fatty  acids  and  glycerol 
produced  by  fat  hydrolysis  in  the  intestine,  together  with 
small  amounts  of  soaps,  pass  into  the  absorbing  cells,  but 
reach  the  lacteals  in  the  form  of  neutral  fat.  Hence  it  is 
concluded  that  resynthesis  to  neutral  fat  takes  place  in  the 
absorbing  cells.  The  bile  salts  are  of  considerable  importance 
in  fat  absorption  since  they  combine  with  the  fatty  acids, 
thus  increasing  their  solubility,  and,  so  to  speak,  conduct 
them  across  the  membrane  of  the  absorbing  cells.  Indeed, 
in  the  absence  of  bile,  fatty  acids  accumulate  in  the  faeces. 

The  soluble  mineral  constituents  of  the  food,  together  with 
those  which  have  been  rendered  soluble  by  interaction  with 
the  digestive  juices,  are  absorbed  chiefly  in  the  small  intestine 
into  the  blood-stream.  Some  of  them  (e.g.  Ca3(P04)2)  may 
be  absorbed  in  the  colloidal  condition. 

The  Faeces.  The  food  material  is  moved  along  the 
alimentary  canal  by  peristalsis  and  that  which  escapes 
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digestion  and  absorption,  together  with  a  certain  amount  of 
material  excreted  into  the  intestine,  accumulates  in  the  large 
intestine  and  rectum,  and  is  periodically  voided  through  the 
anus  in  the  form  of  a  solid  or  semi-solid  mass  called  faeces. 

The  faeces  is  thus  a  food  residue  and  an  excretory  product, 
since  in  addition  to  containing  undigested  and  unabsorbed 
food,  it  contains  unabsorbed  digestive  juices  and  their  decom¬ 
position  products,  intestinal  micro-organisms,  worn-out  cells 
and  cell  fragments,  excretions  of  the  intestinal  mucosa,  indole 
and  skatole. 

In  carnivora  the  faeces  is  mainly  excretory  in  character, 
but  in  herbivora  food  residues  predominate  and  excretory 
substances  are  present  only  in  relatively  small  amounts. 

The  amount  of  faeces  produced  varies  with  the  nature  and 
amount  of  food  eaten  and  is  greater  in  the  case  of  herbivora 
than  carnivora.  The  water  content  of  faeces  also  is  variable. 

DIGESTIBILITY 

Digestibility  Coefficient.  The  term  digestibility  refers 
to  the  extent  to  which  a  food,  or  any  nutrient  present  in  a 
food,  suffers  digestion  and  absorption  in  the  intestine.  The 
digestibility  coefficient  is  the  expression  of  this  as  a  per¬ 
centage.  Thus  if  100  g.  of  protein  are  fed  and  25  g.  appear 
in  the  faeces,  it  is  assumed  that  75  g.  have  been  digested 
and  absorbed,  and  the  digestibility  coefficient  of  the  protein 

is  said  to  be  75. 

The  digestibility  of  a  food  does  not  fully  determine  its 
effect  when  fed.  Two  different  diets  may  have  the  same 
digestibility  and  yet  produce  different  results  in  the  animal. 
But  in  seeking  to  determine  the  nutritive  value  of  a  food 
the  first  step  is  to  determine  its  digestibility,  for  clearly  the 
undigested  part  of  the  food  is  of  no  use  to  the  animal.  This 
is  usually  done  by  experiment  with  the  living  animal  and 
the  method  is  an  indirect  one,  since  the  amounts  of  nutrients 
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ingested  and  those  rejected  in  the  faeces  are  directly  deter¬ 
mined,  and  the  amounts  digested  and  absorbed  arrived  at 


by  difference. 

The  Digestibility  Experiment.  Usually  sheep  are  used 
for  the  experiment,  because  of  convenience  of  handling,  and 
the  results  are  assumed  to  apply  to  other  farm  stock.  Strictly 
speaking,  however,  the  digestibility  of  a  food  by  an  animal 
should  be  determined  with  the  animal  concerned. 

First,  the  feeding-stuff  under  experiment  is  subjected  to  a 
feeding-stuffs  analysis.  Two  animals  are  selected  so  as  to 
afford  a  duplicate  of  the  experiment,  and  are  fitted  with 
harness  to  facilitate  the  collection  of  faeces,  and  confined  in 
metabolism  cages  or  stalls  fitted  with  troughs  from  which 
the  food  can  be  fed  quantitatively.  Drinking-water  is  pro¬ 
vided  and  both  food  and  water  containers  are  so  designed  as 
to  obviate  spilling  and  wastage. 

A  weighed  amount  of  the  feeding-stuff  is  fed  night  and 
morning  during  a  preliminary  period  of  some  days,  the  length 
of  this  period  varying  with  the  kind  of  animal  concerned, 
and  being  designed  to  remove  the  residues  from  previous 
feeding  from  the  alimentary  canal. 

During  a  further  period  of  10  or  12  days  (the  experiment 
period  proper)  the  feeding  is  continued,  and  any  food  left 
after  each  meal  is  collected  and  weighed,  so  that  the  exact 
amount  of  food  consumed  daily  is  known.  The  food  is 
sampled  at  each  feed,  and  composite  samples  subjected  to  a 
feeding-stuffs  analysis.  Thus  the  amounts  of  each  nutrient 
consumed  per  day  are  arrived  at. 

Faeces  are  collected,  weighed,  sampled  and  analysed,  and 
thus  the  amounts  of  nutrients  rejected  in  the  faeces  are 
determined. 

Digestibility  coefficient 


Amount  consumed  —  Amount  in  faeces 


Amount  consumed 
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The  following  example  is  taken  from  an  experiment  by 
Woodman,  in  which  the  digestibility  of  green  oats  and  tares 
was  determined,  using  two  sheep. 


Table 

14 

Composition 

of  Food 

Per  cent 

Moisture  as  fed 

• 

.  67-5 

Composition  of  dry  matter  : 

Crude  protein 

•  • 

.  10-8 

Ether  extract 

•  • 

.  30 

N-free  extractives 

•  • 

.  50-2 

Crude  fibre 

• 

.  28-1 

4,000  g.  were  fed  daily  containing  1,299  g. 

of  dry  matter. 

Table 

15 

Composition  of  Faeces  (as  percentages  of  dry  matter ) 

Sheep  1. 

Sheep  2. 

Per  cent 

Per  cent 

Crude  protein 

11-5 

9-5 

Ether  extract 

40 

40 

N-free  extractives  . 

.  31-9 

33-2 

Crude  fibre  . 

40-2 

20-8 

Daily  Weights  of  Faeces 

Fresh. 

Dry. 

g- 

g- 

Sheep  1 

1,483 

469-4 

Sheep  2 

1,576 

474-8 

With  these  data  it  is  possible  to  calculate  the  amounts  of 
each  nutrient  consumed,  voided,  and  digested,  and  the 
digestibility  coefficient.  This  has  been  done  for  Sheep  1 
below.  The  results  for  Sheep  2  are  placed  in  a  separate 
column  for  comparison. 
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Consumed 

Daily. 

g- 

Voided 

Daily. 

g- 

Digested 
Daily  by 
Difference, 
g- 

Digestibility 

Coefficient. 

Per  cent 

Sheep  2. 
Digestibility 
Coefficient 
Per  cent 

Total  dry  matter 

1,299-0 

469-4 

829-6 

<>3 -H6 

63-64 

Organic  matter 

1,197-6 

411-4 

786-2 

65-65 

65-29 

Crude  protein. 

140-7 

54-1 

86-6 

61-53 

64-70 

Ether  extract 

39-2 

18-8 

20-4 

52-04 

51-74 

N-free  extract 

652-4 

149-9 

502-5 

77-03 

75-87 

Crude  fibre 

365-3 

188-6 

176-7 

48-37 

46-91 

The  method  just  described  is  suitable  for  determining  the 
digestibility  of  a  food  which  can  be  fed  alone.  But  a  concen¬ 
trated  feeding-stuff,  such  as  an  oil-cake  or  meal,  cannot 
normally  be  made  the  sole  constituent  of  a  ruminant’s  diet. 
It  must  therefore  be  fed  along  with  a  basal  diet  consisting 
chiefly  of  a  bulky  fibrous  food,  such  as  hay  or  straw.  The 
mixed  ration  is  fed  over  a  suitable  period,  during  which 
weighing  and  analysis  of  food  and  of  faeces  is  conducted  in 
the  usual  manner.  During  a  second  similar  period,  separated 
from  the  first  by  a  proper  interval  for  transition  to  the  changed 
diet,  the  foodstuffs  of  the  basal  ration  alone  are  fed,  and 
data  are  obtained  enabling  the  digestibility  of  the  basal  diet 
to  be  calculated.  From  the  digested  nutrients  of  the  com¬ 
plete  diet  are  now  subtracted  the  digested  nutrients  of  the 
basal  part  of  it,  the  difference  being  the  digested  nutrients 
of  the  added  concentrate. 

Digestibility  coefficients  obtained  by  the  methods  just 
described  are  known  as  “  apparent  digestibility  coefficients  ”. 
The  faeces  contains  nitrogenous  and  fatty  substances  which 
are  excretory  in  character,  and,  unless  appropriate  corrections 
are  applied,  the  digestibility  coefficient  as  ordinarily  obtained 
will  be  slightly  low.  The  error  due  to  the  fatty  substances 
is  usually  so  small  that  it  can  be  ignored,  and  the  <c  true 
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digestibility  coefficient  ”  is  therefore  usually  obtained  by 
correcting  for  the  presence  of  nitrogen  of  metabolic  origin 
in  the  faeces.  The  amount  of  metabolic  faecal  nitrogen  can 
be  ascertained  by  experiment  with  an  animal  on  a  nitrogen- 
free  diet. 

Multiplication  of  the  percentages  of  total  nutrients  in  a 
food  by  their  appropriate  digestibility  coefficients  will  give 
the  percentages  of  digestible  nutrients.  Tables  of  data  on 
both  the  gross  composition  and  digestible  nutrient  content 
of  most  of  the  commonly  used  feeding-stuffs  have  been 
published  and  are  revised  from  time  to  time,  as  further 
information  becomes  available. 


Chapter  16 


METABOLISM 

The  nutrients  transported  round  the  body  by  the  blood 
undergo  various  chemical  changes  whereby  they  are  either 
built  up  into  the  constituents  of  the  body  and  its  products 
or  are  oxidatively  broken  down  in  order  that  they  may  yield 
up  their  energy.  This  latter  type  of  change  involves  not 
only  nutrients  coming  from  the  intestine,  but  tissue  con¬ 
stituents  as  well,  and  the  sum  total  of  all  these  changes 
occurring  in  the  body,  between  absorption  and  excretion,  so 
to  speak,  is  called  metabolism. 

Metabolism  involves  two  kinds  of  changes  : 

(a)  Anabolism,  which  is  concerned  with  the  building  up  of 

more  complex  molecules  from  simpler  ones. 

( b )  Catabolism,  which  involves  the  breakdown  of  complex 

into  simpler  compounds  and  is  frequently  oxidative 
in  character. 

Neither  anabolism  nor  catabolism  is  necessarily  a  smooth 
continuous  process.  A  series  of  changes  which  is  in  effect 
anabolic  may  be  partly  catabolic,  and  vice  versa. 

Metabolic  changes  are  gradual  processes,  occurring  step  by 
step,  with  the  formation  of  numerous  intermediate  products. 
They  occur  intracellularly  under  the  influence  of  enzymes 
secreted  by  the  cells. 

Oxidation  of  absorbed  nutrients,  or  tissue  constituents, 
involves  the  use  of  oxygen  transported  from  the  lungs  to  the 
tissues  by  the  blood,  and  although  oxygen  may  not  properly 
be  regarded  as  a  nutrient  it  is,  in  this  connection  at  least, 
as  important  as  the  nutrients  themselves. 

Carbohydrate  Metabolism.  The  hexoses  absorbed  from 
the  intestine  pass  into  the  blood-stream  and  go  via  the  portal 
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vein  to  the  liver.  Here  they  are  built  up  into  glycogen  and 
the  change  may  be  represented  thus  : 

nC6Hi206  >-  (C6H10O5)n.  +  wH20 
Glycogen  is  stored  in  the  liver  as  a  mobile  energy  reserve,  to 
the  extent  of  between  about  1-5  per  cent  and  4  per  cent  of 
its  weight.  It  is  also  present  in  the  muscle-cells,  but  is  not 
transported  to  them  as  such  from  the  liver,  but  built  up  in 
the  cells  from  blood  glucose. 

The  ultilization  of  liver  glycogen  involves  its  hydrolysis 
into  glucose,  which  passes  into  the  blood  and  becomes  avail¬ 
able  for  use  as  a  source  of  energy  by  any  of  the  body-cells. 

Muscle  glycogen  is  the  ultimate  source  of  the  energy 
expended  in  the  performance  of  muscular  work.  The  series 
of  changes  which  occurs  is  imperfectly  understood,  but  is 
believed  to  be  as  follows  : 


1.  The  actual  contraction  of  the  muscle-fibres  occurs 
anaerobically,  and  the  necessary  energy  for  the  contraction 
is  derived  from  the  exothermic  breakdown  of  adenyl  pyro¬ 
phosphate  present  in  the  muscle. 

H  H  H  H  0 


N=C — NH2 

I  I 

CH  C— N 


OH 


c - C — C — C— CH2— 0— P— 0— P=0 


OH  OH 

— 0 - 


OH 


'OH 


N — C— N 


2.  Phosphocreatine,  or  phosphagen,  which  is  also  present 
in  the  muscle,  is  broken  down  hydrolytically. 

NH — PO(OH)2  NH2 

(L_nH  C  NH 

I  +  H20  — ►  I  +h»po4 

N — CH2 — COOH  N — CHa — COOH 

\  \ 

CH3  CH3 

This  change  is  exothermic  and  the  energy  evolved  is  used 
for  the  re-synthesis  of  adenyl  pyrophosphate. 
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3.  The  energy  necessary  for  the  reconstitution  of  phospho- 
creatine  is  provided  by  carbohydrate  breakdown  thus  : 

(a)  Glycogen  plus  Phosphoric  acid  — >  Glucose  phosphate. 

(C6H10O5)n,  +  2nH3P04  — ►  nC6H10O4(PO4H2)2  +  nH20. 

( b )  Glucose  phosphate  is  hydrolysed  to  lactic  and  phosphoric  acid. 
C6H10O4(PO4H2)2  +  2H20  ->  2CH3  -  CH(OH)  -  COOH  +  2H3P04 

This  change  is  exothermic. 

(c)  One-fifth  of  the  lactic  acid  formed  as  in  ( b )  is  oxidized 
to  provide  energy  for  the  re-synthesis  of  glycogen  from  the 
remaining  four-fifths,  presumably  by  a  reversal  of  the  reactions 
in  ( b )  and  (a). 

The  phosphoric  acid  used  in  (a)  comes  from  phosphocreatine 
and  will  be  used  again  in  reconstituting  the  latter  compound 
when  it  is  released  during  glycogen  re-synthesis. 

When  the  liver  stores  of  glycogen  are  filled,  absorbed  hexose 
will  pass  the  liver  and  go  into  the  general  circulation  via  the 
hepatic  vein  as  blood  glucose.  It  may  then  suffer  one  of 
several  fates. 

As  already  pointed  out,  blood  glucose  may  be  synthesized 
to  muscle  glycogen  and  enter  into  the  changes  just  discussed, 
which  occur  when  muscular  work  is  performed. 

Or,  the  glucose  may  be  oxidized  in  the  body-cells  to  provide 
energy  where  needed.  The  end-products  of  this  oxidation 
are  C02  and  H20  ;  lactic  acid  is  produced  at  an  intermediate 
stage,  but  the  precise  mechanism  is  little  understood. 

Again,  blood  glucose  may  be  used  in  lactose  synthesis  in 
the  mammary  gland  of  the  lactating  animal,  or  it  may  be 
transformed  into  glycerol  and  fatty  acids,  and  so  built  up 
into  fat.  The  fact  that  carbohydrate  serves  as  a  source  of 
tissue  fat  was  demonstrated  by  Lawes  and  Gilbert  in  1852, 
and  the  possible  mechanism  of  the  change  will  be  discussed 
under  fat  metabolism. 

The  main  source  of  glucose  in  the  tissues  is  food  carbo¬ 
hydrate,  but  glucose  can  be  formed  from  other  sources. 
Experiment  has  shown  that  some  of  the  glycerol  of  ingested 


I.A.C. 


p 


218  ANIMAL  NUTRITION 


fat,  and  some  of  the  ingested  protein  can  be  changed  into 
glucose.  The  extent  to  which  protein  can  be  so  transformed 
will  depend  upon  its  amino-acid  make-up. 

The  following  scheme  sums  up  carbohydrate  metabolism. 


Food 

carbohydrates 

i 

Glucose 


Glycerol  of  Food 

food  fat  protein 


Glucose 


Liver  glycogen 

4' 

->  Blood  glucose 


Muscle  glycogen  Glycerol 

and 

|  Fatty  acids 

Hexose  phosphate 

1 

Lactic  and  phosphoric  acid  Tissue  fat 


co2,  h2 


0,  energy 


Lactose 


Fat  Metabolism 

During  their  passage  through  the  absorbing  cells  the 
products  of  fat  digestion  are  reconstituted  into  neutral  fat 
which  passes  into  the  lymph,  and  thence  via  the  thoracic 
duct  into  the  blood,  where  it  is  present  in  the  form  of  a  very 
fine  emulsion,  the  particles  in  which  are  called  chylomicrons 
and  are  about  1  fi  in  diameter.  The  fat  content  in  blood 
increases  after  a  meal  and  so  does  the  phospholipoid  content, 
and  it  would  appear,  therefore,  that  synthesis  of  fat  digestion 
products  during  absorption  must  take  the  direction  of  phospho¬ 
lipoid  as  well  as  of  triglyceride. 

The  fat  is  transported  round  the  body  by  the  blood  and 
is  transferred  to  the  various  tissues  either  as  a  reserve  of 
energy,  as  in  the  adipose  tissue,  or  as  a  constituent  part  of 
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some  tissue  with  the  function  of  which  it  is  associated.  There 
are,  in  fact,  two  kinds  of  fat  in  the  body,  known  as  stored 
or  adipose  tissue  fat,  and  essential  tissue  fat.  The  former 
kind  occurs  chiefly  subcutaneously,  intramuscularly  and  in 
the  abdominal  region.  This  stored  fat,  or  depot  fat,  consti¬ 
tutes  the  great  energy  reserve  of  the  body,  and  is  catabolized 
during  periods  of  under-nutrition  or  starvation.  It  is  tri¬ 
glyceride  in  character.  The  essential  tissue  fat,  on  the  other 
hand,  is  probably  a  constituent  part  of  protoplasm  and 
intimately  connected  with  the  functioning  of  the  organs  in 
which  it  occurs.  It  is  largely  phospholipoid  and  is  not  called 
upon  to  yield  up  its  energy.  The  former  kind  of  fat  has  been 
called  the  variable  element  and  the  latter  the  constant  element. 

The  mechanism  of  the  transference  of  fat  from  blood  to 
tissues  does  not  seem  to  be  agreed  upon.  One  view  is  that 
it  is  transported  mainly  in  the  form  of  lecithin,  and  another 
that  the  chylomicrons  pass  from  blood  to  tissues  without 
change.  If  the  first  of  these  views  is  true,  then  presumably 
lecithin  is  broken  down  by  an  esterase  in  the  tissues  and 
built  up  again  into  neutral  fat.  It  is  quite  probable  that 
both  views  are  true,  and  that  the  lecithin  goes  to  form  essential 
tissue  fat  or  to  be  oxidized  to  yield  up  its  energy,  and  that 
the  chylomicrons  go  into  the  fat  stores. 

Body  Fat  from  Food  Carbohydrates.  The  fact  that 
tissue  fat  can  originate  from  sources  other  than  food  fat  was 
clearly  demonstrated  in  1852  by  Lawes  and  Gilbert,  who 
showed  that  after  feeding  an  animal  on  a  diet  composed 
largely  of  carbohydrate,  the  fat  contained  in  the  live  weight 
gam  made  by  the  animal  considerably  exceeded  that  which 
could  have  been  formed  from  digestible  protein  and  digestible 
fat  in  the  diet,  and  therefore  must  have  been  formed  from 
digestible  carbohydrate.  Lawes  and  Gilbert’s  experiment  is 
still  regarded  as  the  classical  proof  of  the  fact  that  food 
carbohydrate  can  function  as  a  source  of  body  fat,  and  their 
conclusions  have  since  been  confirmed  by  others.  The 
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mechanism  of  the  change  is,  however,  imperfectly  understood. 
For  fat  synthesis,  glycerol  and  the  necessary  fatty  acid  mix¬ 
ture  must  be  produced  from  absorbed  glucose.  Now  experi¬ 
ments  with  diabetic  and  other  animals  have  demonstrated 
the  presence  in  the  tissues  of  the  following  substances,  amongst 
others,  as  intermediate  products  in  carbohydrate  metabolism. 


CHa— OH 

ch2- 

1 

-OH 

ch3 

ch3 

ch3 

| 

CO 

CH- 

-OH 

CH— OH 

CO 

CO 

CH2— OH  CHO  COOH  COOH  CHO 


Dihydroxy 

Glyceric  Lactic 

Pyruvic 

Methyl 

acetone 

aldehyde  acid 

acid 

glyoxal 

Consider  the  relationship  of 


CH2— OH 

I 

CH  —OH 

I 

CH2— OH 

to  dihydroxyacetone  or  glyceric  aldehyde.  It  seems  possible 
that  glycerol  may  be  formed  from  glucose  via  either  of  the 
two  latter  compounds  or  via  some  other  three-carbon  atom 


intermediate  product  of  glucose  metabolism. 

With  regard 

to  the  fatty  acids  it  has  been  suggested  that  they  are  built 
up  by  a  series  of  aldol  condensations  of  acetaldehyde  formed 

from  glucose  via  lactic  and 

pyruvic  acids, 

ch3 

1 

ch3 

ch3 

Glucose  — >  CH  — OH  — > 

CO  +  H20  — ► 

CHO  and  C02 

COOH 

Lactic 

acid 

COOH 

Pyruvic 

acid 

Acetaldehyde 

CH3— CHO  +  CHS— CHO  ->  CH3 — CH=CH — CHO  +  H20 
CH=CH  CHO  +  CH3  CHO  -* 

and  so  on,  until  a  long  chain  unsaturated  aldehyde  is  built 
up,  which  by  reduction  could  become  partially  or  completely 
saturated,  and  by  oxidation  of  its  aldehyde  group  could  yield 
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a  carboxylic  acid.  In  this  way  a  variety  of  saturated  and 
unsaturated  fatty  acids  could  be  built  up.  Another  sug¬ 
gestion  is  that  acetaldehyde  condenses  with  pyruvic  acid,  thus  : 

CH, — GHO  +  CHS— CO— COOH  ->  CH3 — CH=CH — CO 

— COOH  +  H20 

This  unsaturated  ketonic  acid  then  loses  C02  to  give  the 
aldehyde 

CH3— CH=CH— CO— COOH  — >  CH3— CH=CH— CHO  +  C02 

The  unsaturated  aldehyde  then  condenses  with  a  further 
molecule  of  pyruvic  acid,  C02  is  split  off  and  an  unsaturated 
aldehyde  with  two  more  carbon  atoms  is  produced.  Repeti¬ 
tion  of  this  process  results  in  the  building  up  of  chains  of 
the  required  length  and  reduction  followed  by  oxidation  yields 
the  necessary  fatty  acids. 

Either  or  both  of  these  processes  could  result  in  the  synthesis 
of  the  necessary  fatty  acid  mixture  for  combination  with 
glycerol  to  produce  fat. 

Body  Fat  from  Food  Protein.  Since  certain  of  the 
amino-acids  can  be  transformed  into  glucose  in  the  tissues, 
it  would  seem  that  dietary  protein  can  function  as  a  source 
of  body  fat.  This  has  been  proved  by  experiments  in  which 
dogs  have  been  fed  on  excesses  of  very  lean  meat  and  shown 
to  store  fat.  Under  ordinary  conditions,  however,  the  bulk 
of  the  amino-acids  absorbed  in  excess  of  the  body’s  require¬ 
ments  are  oxidized  and  used  as  a  source  of  energy.  Moreover, 
it  would  be  quite  uneconomic  to  feed  expensive  protein  for 
fattening  purposes. 

Fat  Catabolism.  When  neutral  fat  in  the  tissues  is 
oxidized  in  order  that  its  energy  may  be  exploited,  it  is  first 
hydrolysed  to  glycerol  and  a  mixture  of  fatty  acids.  The 
glycerol  is  believed  either  to  be  transformed  into  glucose  or 
to  be  oxidized  directly.  The  fatty  acids  are  oxidized  to  C02 
and  H20,  but  the  mechanism  involved  is  not  clearly  under¬ 
stood.  It  is  possible  that  they  are  mobilized  in  the  liver 
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and  there  desaturated  by  removal  of  hydrogen,  which  will 
render  them  more  unstable  and  reactive.  It  is  possible  also 
that  in  the  liver  they  are  transformed  into  lecithin  and 
transported  to  the  locality  where  they  are  needed  and  there 
oxidized  as  such.  Moreover,  there  is  evidence  that  fatty  acids 
are  oxidized  in  the  tissues  without  previous  modification. 
The  probability  is  that  all  three  processes  occur. 

A  theory  concerning  fatty  acid  oxidation,  which  has  for 
some  time  found  general  acceptance,  is  that  due  to  Knoop 
and  Dakin.  According  to  this  theory,  oxidation  starts  at  the 
/3-carbon  atom,  and  results  in  the  release  of  energy,  and  the 
formation  of  C02,  H20,  and  a  fatty  acid  with  two  carbon 
atoms  less  than  the  original.  Thus  : 
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COOH 
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itself  until  the  four-carbon  atom 

.  -  •  •  i  i 

stage  is  reached.  Oxidation  beyond  the  butyric  acid  stage 
requires  the  simultaneous  oxidation  of  carbohydrate.  Other¬ 
wise  (e.g.  in  diabetes  when  there  is  a  failure  to  oxidize  glucose) 
ketone  bodies  accumulate,  and  since  they  are  acid  in  character, 
“  acidosis  ”  develops. 
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Normally  the  oxidation  would  proceed  through  /5-hydroxy- 
butyric  acid,  /?-keto-butyric  acid  (aceto-acetic  acid),  and 
acetic  acid,  to  completion. 

Protein  Metabolism.  The  amino-acids  resulting  from 
protein  digestion  and  transported  to  the  tissues  by  the  blood 


may  be 


(a)  Built  up  into  body  protein  or  into  the  protein  of  some 

product  of  the  body  such  as  milk  or  wool. 

(b)  Used  for  the  synthesis  of  some  specific  secretion  such 

as  a  hormone. 

(c)  Deaminized  and  oxidized  as  a  source  of  energy. 

(a)  From  the  mixture  of  amino-acids  coming  to  the  tissues, 
the  cells  select  those  characteristic  of  the  protein  which  is 
being  synthesized  and  build  them  up  into  protein.  Thus  new 
protein  is  provided  during  growth,  milk  protein  during 
lactation,  the  protein  of  the  foetus  during  pregnancy,  and  the 
“  wear  and  tear  ”  of  the  tissues  is  made  good.  The  capacity 
of  the  food  protein  to  meet  the  requirements  of  the  tissues 
for  protein  synthesis  ('i.e.  its  biological  value)  is  dependent 
upon  the  amino-acid  composition  of  its  digestible  fraction 
and  upon  the  presence  in  sufficient  amount  of  certain  indis¬ 
pensable  amino-acids  (p.  173).  The  seat  of  this  protein 
synthesis  is  the  tissue  cells  themselves  ;  the  change  occurs 
under  the  influence  of  appropriate  enzymes.  Those  amino- 
acids  which  are  unsuited  to,  or  surplus  to  the  body’s  synthetic 
requirements,  suffer  the  fate  indicated  in  (b)  and  (c)  above. 

(b)  Certain  substances  produced  in  the  tissues  and  con¬ 
cerned  with  the  physiological  activities  of  the  body,  require 
amino-acids  for  their  manufacture.  For  example,  the  hor¬ 
mone  thyroxine,  secreted  by  the  thyroid  gland  and  concerned 
in  the  control  of  metabolic  rate,  has  the  constitution 
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— CH2— CH(NH2)— cooh 


I 


I 
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and  doubtless  requires  tyrosine  for  its  synthesis.  Again, 
glycine  is  a  constituent  of  glycocholic  acid,  concerned  in  bile- 
salt  formation,  and  is  required  for  detoxication  of  benzoic 
acid,  with  which  it  combines  to  form  hippuric  acid. 

C6H5— COOH  +  NH2— CH2— COOH  -  C6H6— CO— NH— CHa 

— COOH  +  H20 


(c)  Amino-acids  which  are  surplus  to  the  body’s  require¬ 
ments,  or  are  unsuitable  for  use  synthetically,  or  have  resulted 
from  hydrolysis  of  tissue  protein  undergoing  catabolism,  will 
be  deaminized,  their  nitrogen  being  excreted  in  the  urine  as 
urea.  The  seat  of  the  deaminization  is  the  liver,  and  it 
consists  in  the  splitting  olf  of  NH3  from  the  amino-acid, 
leaving  a  non- nitrogenous  organic  acid  as  residue,  which  may 
be  oxidized  and  used  as  a  source  of  energy.  The  deaminiza¬ 
tion  may  occur  oxidatively  yielding  an  a-ketonic  acid : 

CH3— CH(NH2)— COOH  4  0  ->  CH3— CO— COOH  4  NH3 


or  hydrolytically  yielding  an  a-hydroxy  acid  : 

CHS— CH(NH2)— COOH  4  H20  — >  CH3— CH(OH)— COOH  4  NH3 


The  ammonia  is  then  transformed  into  urea  and  the  exact 
mechanism  is  obscure.  One  theory  put  forward  to  account 
for  it  is  that  the  ammonia  combines  with  carbonic  acid  to 
form  ammonium  carbonate,  which  is  then  changed  into  urea 


by  loss  of  water,  thus  : 
O— NH4 


0=C 


I 

0— nh4 

Ammonium 

carbonate 


0— nh4 


o=c 

I 

nh2 

Ammonium 

carbamate 


nh2 

I 

o=c 

nh2 

Urea 


This  theory,  though  simple,  is  considered  to  be  inadequate, 
and  more  recently  Krebs  has  put  forward  a  theory  which 
has  been  more  widely  accepted.  According  to  Krebs  ornithine 
combines  with  C0.2  to  give  8-carbanuno  ornithine,  which  then 
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combines  with  ammonia,  giving  citrulline.  Citrulline  next 
combines  with  more  ammonia  to  produce  arginine,  which  is 
then  hydrolysed  by  the  enzyme  arginase,  yielding  urea  and 
ornithine.  The  ornithine  then  takes  part  in  another  cycle  of 
changes,  and  theoretically  can,  in  this  way,  take  part  in  the 
transformation  of  an  unlimited  amount  of  ammonia  into  urea. 


nh2 
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nh2 

nh2 

COOH 

1 
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CO  Urea 

nh2 

1 

1 

NH 

1 

NH 

NH 

nh2 

| 

1 

1 

+ 

ch2 

1 

ch2 

1 

CH? 

i 

ch2 

1 

nh2 

1 

ch2 

CH2  +  co  2 

CH2  +  NH, 

CH2  +  NH, 

ch2 

ch2  h,o 

ch2 

ch2 

CH2  arginase 

ch2 

I  I  I  I  I 

CH— nh2  ch— nh2  ch— nh2  ch— nh2  ch2 

I  I  I  I  I 

COOH  COOH  COOH  COOH  CH— NH2 
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COOH 
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Deaminization  does  not  involve  the  loss  of  any  significant 
amount  of  energy  and  the  non-nitrogenous  residue  which  is 
left  may  be 


(a)  Oxidized  in  order  that  its  energy  may  be  used,  the  C02 

and  H20  produced  being  excreted. 

(b)  Transformed  into  glucose.  Many  amino-acids  (e.g. 

glycine,  alanine,  aspartic  and  glutamic  acids,  arginine, 
proline)  are  known  to  yield  glucose,  and  it  has  been 
su8Sesfed  that  the  change  occurs  via  lactic  or  pyruvic 
acids,  e.g. 

CH3-CH(NH2)— COOH  ->  CH3— CO— COOH 

~ >  CH3— CH(OH)— COOH  ->  C6H1206 

This  glucose  may  then  be  built  up  into  glycogen  and 
enter  into  the  carbohydrate  metabolism. 
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(c)  Transformed  into  ketone  bodies.  Certain  amino-acids 
(e.g.  leucine,  tyrosine,  histidine,  phenylalanine)  are 
known  to  give  rise  to  ketone  bodies  in  the  tissues, 
e.g.  leucine  may  change,  thus  : 


ch3  ch3 

ch3  ch3 

ch3  ch3 

ch3 

ch8 
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\/ 
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COOH 

COOH 

COOH 

The  extent  to  which  this  occurs  is,  however,  very  small. 

Thus  the  non-nitrogenous  residue  may  be  used  as  a  source 
of  energy,  and  it  is  probable  that  a  large  part  of  it  passes 
through  the  glucose  stage  and  may  be  built  up  into  glycogen 
before  having  its  energy  exploited. 


Summary 


|  bodies 

Glycogen  H20 

Nucleoprotein  Metabolism.  Nucleoproteins  are  char¬ 
acteristic  of  cell  nuclei  in  both  plants  and  animals.  In  the 
animal  they  are  outstandingly  present  in  glandular  tissues 
such  as  the  liver,  pancreas  and  spleen. 
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Digestion  of  food  nucleoprotein  is  believed  to  occur  as 
follows  : 

gastric  f  Protein 

Nucleoprotein  - )  +  tryptic  J  Protein 

digestion  iNuclein  - >  S  + 

digestion  iNucleic  acids 


Intestinal  digestion  of  nucleic  acids  breaks  them  down,  thus  : 

Nucleic  acids 


Pyrimidine 

nucleotides 


Pyrimidine  H3P04 
nucleosides 


Sugar  Pyrimidine 
bases 


Purine 

nucleotides 


H3P04  Purine 

nucleosides 


Purine  Sugar 
bases 


The  sugars  will  be  either  pentoses  or  hexoses,  according 
as  they  are  derived  from  plant  or  animal  nucleoprotein 
respectively. 

Nucleoprotein  digestion  thus  furnishes  to  the  tissues  amino- 
acids,  pentoses,  hexoses  and  purine  and  pyrimidine  bases. 
The  amino-acids  suffer  the  same  fate  as  those  derived  from 
simple  proteins.  The  pentoses  and  hexoses  enter  into  carbo¬ 
hydrate  metabolism,  which  has  already  been  discussed.  The 
phosphoric  acid  is  used  in  the  mineral  metabolism  of  the 
body  which  will  be  dealt  with  later.  Here  therefore  we  are 
concerned  with  the  purine  and  pyrimidine  bases.  Two 
purines  are  present  in  nucleic  acid  viz.  : 

NH— CO  N=C— NH2 

I  ‘  ■  ' 

nh2— c 

II 

N 

Guanine  Adenine 


C— NH 


CH  C — NH\ 

II  II  >CH 

N - C — n/ 
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and  three  pyrimidines,  viz  : 


NH— CO 
|  | 

NH— CO 

N=C— NH 

1  | 

CO  CH 

CO  C— ch3 

CO  CH 

1  II 

1  II 

|| 

NH— CH 

NH— CH 

NH— CH 

Uracil 

Thymine 

Cytosine 

The  fate  of  the  pyrimidines  is  obscure,  but  the  purines  are 
deaminized  and  oxidized  thus  : 


N= 


— NH, 


CH  C — NH\ 

II  II  >CH 
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Under  the  influence  of  an  oxidase  hypoxanthine  is  oxidized 
to  xanthine  and  xanthine  to  uric  acid. 


NH— CO 


CO  C— NH 
NH— C— NH- 

Uric  acid 


\co 

/ 


In  birds  and  in  man  this  uric  acid  is  excreted  in  the  urine, 
but  in  other  mammals  the  oxidation  proceeds  a  stage  further 
to  allantoin  : 

NH2 

CO  CO— NH 

I  I 

NH— CH— NH 

and  sometimes  as  far  as  urea,  the  allantoin  and  urea  being 
excreted. 
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Exogenous  and  Endogenous  Protein  Catabolism.  In 

1905  Folin  put  forward  the  view  that  protein  catabolism  is 
of  two  kinds  : 

1.  That  involving  absorbed  amino-acids  which  are  unsuited 

to,  or  in  excess  of,  the  body’s  requirements  ;  the 
exogenous  catabolism,  which  will  vary  with  the 
protein  intake,  the  animal’s  requirement  for  protein, 
and  the  biological  value  of  the  food  protein. 

2.  That  characteristic  of  the  tissues  and  independent  of  the 

food  protein,  and  tending  to  become  constant.  This 
is  equivalent  to  the  animal’s  maintenance  protein 
requirement,  and  is  called  the  endogenous  protein 
catabolism. 

Folin’s  view  has  been  much  disputed,  but  is  difficult  either 
to  prove  or  disprove.  It  is  fully  discussed  by  Mitchell  and 
Hamilton  in  their  book,  “  The  Biochemistry  of  the  Amino 
Acids  ”. 

If,  however,  an  animal  is  fed  upon  a  diet  devoid  of  nitrogen, 
and  of  protein,  but  containing  adequate  amounts  of  other 
nutrients,  the  urinary  nitrogen  falls  to  a  minimum  and  is 
representative  of  the  unavoidable  “  wear  and  tear  ”  quota  of 
protein  metabolism.  This  endogenous  nitrogen  loss  has  been 
shown  by  Brody  and  his  co-workers,  at  Missouri,  U.S.A.,  to 
be  proportional  to  the  0*72  power  of  the  live  weight  of  many 
species  of  mature  animals  of  varying  live  weight. 

This  minimum  protein  catabolism  has  been  compared  with 
the  wear  and  tear  of  a  machine  and  thought  to  be  due  to 
a  mechanical  breakdown  of  the  tissues  as  they  are  functioning. 
There  is,  however,  another  possible  explanation,  namely,  that 
in  the  absence  of  food  protein,  tissue  protein  is  broken  down 
in  order  to  supply  certain  amino-acids  necessary  for  certain 
specific  secretions  (e.g.  hormones)  in  the  body.  Probably  it 
is  due  to  both  causes. 

The  food  protein,  in  addition  to  providing  for  protein 
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synthesis  in  the  body  (as  in  growth  or  lactation),  must  also 
provide  for  the  endogenous  breakdown  of  tissue  protein,  i.e. 
must  supply  the  animal’s  maintenance  requirement  for  pro¬ 
tein.  At  first  sight  it  would  seem  that  this  would  be  achieved 
by  feeding  an  amount  of  digestible  protein  exactly  equivalent 
to  the  endogenous  nitrogen  loss.  This,  however,  is  not  so, 
and  Brody  et  alii  have  suggested  that  the  maintenance  require¬ 
ment  of  protein  should  be  regarded  as  ordinarily  equivalent 
to  four  times  the  endogenous  protein  catabolism.  Using 
their  relationship  for  endogenous  nitrogen  loss  and  live  weight 

N  =--  146M072 

where  N  is  the  endogenous  nitrogen  loss  in  milligrammes  per 
day,  and  M  the  five  weight  in  kilogrammes,  the  maintenance 
requirement  for  protein  can  be  calculated.  The  requirement 
in  grams  of  protein  per  day  will  then  be  4  x  1,000  x  6’25, 

and  values  calculated  in  this  way  are  found  to  accord  quite 
well  with  feeding  practice. 

Biological  Value  of  Food  Proteins 

The  digested  and  absorbed  amino-acids  may,  in  addition 
to  replacing  protein  lost  by  daily  wear  and  tear  of  the  tissues, 
be  built  up  into  the  protein  of  live-weight  increase  made 
during  growth  and  fattening,  or  into  the  protein  of  milk. 
The  utilization  of  these  amino-acids,  however,  is  invariably 
accompanied  by  some  wastage.  Those  absorbed  in  excess  of 
the  body’s  requirements  are  deaminized  and  used  oxidatively 
or  for  fat  synthesis  and  their  nitrogen  excreted  in  the  urine. 
Moreover,  even  though  the  absorbed  amino-acids  correspond 
exactly  with  the  animal’s  quantitative  requirements  for 
protein  (as  measured  by  N  X  6-25),  the  absence  of  some 
indispensable  amino-acid  (p.  173)  which  the  body  cannot 
synthesize,  may  limit,  or  even  prevent,  the  utilization  of  the 
others.  Thus  in  order  that  the  digested  protein  shall  be  used 
with  maximum  efficiency  for  anabolic  purposes  in  the  body, 
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the  amino-acids  must  correspond  qualitatively  as  well  as 
quantitatively  with  the  body’s  requirements. 

The  efficiency,  or  biological  value  of  a  food  protein  in  serving 
the  needs  of  the  tissues,  can  be  ascertained  by  conducting  a 
nitrogen  balance  experiment  (p.  257)  with  an  animal  receiving 
a  diet,  the  sole  protein  of  which  is  the  one  under  investigation. 
The  percentage  of  the  absorbed  protein  nitrogen  which  is  used 
anabolically  in  the  body  is  its  biological  value.  Thus  : 

,  Nitrogen  actually  utilized  ^ 

Biological  value  = - ==7 - r — r-! —  x 

Nitrogen  absorbed 

Most  of  the  determinations  of  biological  value  have  been 
made  with  rats  as  experimental  subjects.  In  this  way  the 
general  superiority  of  animal  proteins,  such  as  those  of  meat, 
milk  and  eggs,  over  vegetable  proteins  such  as  those  of 
cereals,  oil-bearing  seeds,  and  legumes,  has  been  demonstrated. 
Comparatively  few  determinations  have  been  made  with  farm 
animals,  but  the  available  evidence  indicates  that  results 
obtainable  with  rats  may  without  serious  error  be  applied 
to  pigs  and  poultry.  In  ruminants,  however,  the  rumen 
micro-organisms  may  synthesize  protein  from  non-protein 
nitrogen  in  the  food  and  the  amino-acid  mixture  ultimately 
absorbed  may  be  different  from  that  provided  by  digestion 
of  food  protein  alone.  Thus,  biological  values  for  ruminants 
are  best  determined  with  ruminants  as  experimental  subjects. 
Such  determinations  have  been  made  both  in  this  country 
and  in  America,  and  amongst  them  the  results  of  Morris  and 
Wright  may  be  mentioned.  These  workers  determined  the 
biological  values  of  various  food  proteins  for  milk  production 
with  Ayrshire  cows.  The  foods  containing  the  proteins 
under  investigation  were  fed  in  conjunction  with  a  mainten¬ 
ance  ration  of  oats,  straw  and  beet-pulp.  Fresh  and  dried 
spring  grass,  grass  silage,  summer  grass,  and  low-temperature 
dried-blood  meal  gave  biological  values  of  between  75  per  cent 
and  80  per  cent ;  fresh  and  dried  autumn  grass,  bean  meal 
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and  pea  meal,  60  per  cent  to  65  per  cent ;  high-temperature 
dried-blood  meal  and  meat  meal,  55  per  cent  to  60  per  cent, 
decorticated  earth-nut  cake,  and  decorticated  earth-nut  cake 
+  flaked  maize,  50  per  cent  to  55  per  cent ;  linseed  cake 
and  linseed  oil  meal,  45  per  cent  to  50  per  cent. 

It  will  be  seen  that  blood  meai  dried  at  a  low  temperature 
has  a  higher  biological  value  than  when  dried  at  a  higher 
temperature.  In  general,  heating  depresses  the  biological 
value  of  animal  proteins,  but  vegetable  proteins  are  less  sus¬ 
ceptible  to  heat  treatment.  There  is  indeed  evidence  that 
heating  increases  the  biological  value  of  soya-bean  proteins. 

The  results  of  the  determination  of  the  biological  value  of 
individual  food  proteins  are  difficult  to  apply  in  practice 
because  normally  mixtures  of  proteins  are  fed  and  the  com¬ 
ponents  of  the  mixtures  may  supplement  one  another.  Two 
proteins  each  of  low  biological  value  may  constitute  a  highly 
efficient  mixture.  The  amino-acid  deficiencies  of  one  protein 
may  be  compensated  for  by  the  presence  of  the  missing 
amino-acids  in  the  other.  Such  supplementary  relationships 
have,  in  fact,  been  demonstrated.  It  is  well  known,  for 
example,  that  milk  proteins  form  a  very  efficient  supplement 
to  those  of  the  cereals  and  that  the  two  together  constitute 
a  mixture  with  a  biological  value  higher  than  the  mean  of 
the  two. 
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MINERALS  AND  VITAMINS 
THE  MINERALS 

Many  inorganic  elements,  derived  from  the  food,  occur  in 
inorganic  and  organic  compounds  in  the  animal  body.  Some 
occur  only  in  traces,  others  in  rather  larger  amount.  Experi¬ 
ment  has  shown  that  a  complete  diet  must  contain  calcium, 
magnesium,  sodium,  potassium,  iron,  sulphur,  phosphorus, 
chlorine,  iodine,  manganese,  copper,  cobalt  and  zinc.  Other 
elements  which  also  occur  in  the  body  are  aluminium,  arsenic, 
boron,  bromine,  fluorine,  nickel  and  silicon.  These,  however, 
have  not  yet  been  shown  to  be  essential  :  it  is  possible  that 
they  occur  in  the  tissues  because  they  happen  to  be  present 
in  the  food,  but  have  no  function  in  metabolism. 

The  mineral  elements  play  an  important  part  in  metabolism, 
functioning  as  follows  : 

(D  Their  compounds  are  responsible  for  the  rigidity, 
strength  and  conformation  of  the  bones  and  teeth. 

(2)  They  are  components  of  the  soft  tissues  and  their 

secretions,  e.g.  sulpho-  and  phospho-proteins,  phospho- 
lipoids,  haemoglobin  (containing  iron),  thyroxine  (con¬ 
taining  iodine). 

(3)  They  are  intimately  concerned  in  metabolism,  e.g. 

phosphocreatine  and  hexose  phosphate  in  muscle 

metabolism,  thyroxine  in  controlling  the  metabolic 
rate. 

(4)  They  are  concerned  in  the  maintenance  of  the  constancy 

of  reaction  of  the  blood,  lymph  and  cell  fluids.  In 
the  cells  the  phosphates,  mainly  Na2HP04  and 
i.a.o.  233 
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NaH2P04,  are  important  in  this  connection.  Libera¬ 
tion  of  acid  in  the  cells  results  in  a  reaction  thus  : 

Na2HP04  +  HX  =  NaX  +  NaH2P04 

Alkali  would  react  thus  : 

NaH2P04  +  NaOH  =  Na2HP04  +  H20 

In  either  event  the  pH  remains  virtually  unchanged. 
In  the  blood  and  lymph  it  is  bicarbonate  which  is  the 
important  buffering  substance.  Alkali  liberated  into 
the  blood  will  react  with  C02  to  form  bicarbonate. 
Acid  will  react  with  bicarbonate  to  form  C02 

HX  +  NaHC03  =  NaX  +  C02  and  H20 

The  C02  is  removed  by  the  lungs  and  the  pH  remains 
unchanged. 

(5)  In  the  body-fluids  minerals  are  concerned  in  acid-base 

equilibria  and  in  the  maintenance  of  the  constancy  of 
osmotic  pressure.  There  is  an  optimum  relationship, 
or  balance,  between  the  ions  present  in  these  fluids, 
and  a  disturbance  of  this  balance  may  have  disastrous 
results,  e.g.  an  increase  in  the  Na  and  Cl  content  of 
the  blood  may  cause  blood  and  sugar  to  appear  in 
the  urine,  but  if  the  increase  is  accompanied  by  a 
corresponding  increase  in  Ca,  Mg  and  K,  this  dis¬ 
turbance  of  kidney  function  does  not  occur.  Again, 
a  disturbance  in  the  balance  between  Na,  K  and  Ca 
in  the  fluid  bathing  the  heart,  profoundly  affects  the 
heart-muscle.  A  deficiency  of  K  is  followed  by  a 
failure  of  the  muscle  to  relax.  Excess  of  K  causes 
complete  relaxation  and  the  heart  ceases  beating. 

(6)  The  mineral  elements  have  a  productive  function. 

The  live-weight  increase  made  during  growth  and 
fattening,  the  development  of  the  foetus  in  pregnancy, 
the  production  of  eggs,  milk,  wool,  all  involve  the 
utilization  of  mineral  matter  in  the  body. 
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In  actual  feeding  practice  in  this  country  many  of  the 
necessary  inorganic  elements  are  present  in  the  diet,  without 
specific  addition,  in  sufficient  quantity.  But  deficiencies  in 
calcium,  phosphorus,  sodium,  chlorine,  iron,  copper,  and 
iodine,  do  from  time  to  time  occur. 

Calcium  and  Phosphorus.  These  two  elements  together 
make  up  more  than  90  per  cent  of  the  ash  of  the  body,  and 
they  usually  occur  in  the  same  compounds.  They  are  inter¬ 
related,  and  are  conveniently  considered  together. 

About  98  per  cent  of  the  calcium  and  80  per  cent  of  the 
phosphorus  of  the  body  is  present  as  Ca3(P04)2  and  CaC03 
in  the  bones  and  teeth.  The  rest  occurs  in  the  soft  tissues 
and  fluids. 

The  following  figures  show  the  approximate  composition 
of  bones  and  bone-ash. 
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Bone.  Bone  Ash. 

Per  cent  Per  cent 

Water . 50  CaO . 51 

Fat . 5  P206  .  33 

Protein  ....  20  MgO . 1-3 

Ash . 25  C02 . 5-5 


With  minor  amounts  of  sodium, 
potassium,  fluorine  and  chlorine. 

The  composition  of  bone  and  bone-ash  is  variable  since 
the  water  content  of  bone  decreases  with  age  ;  the  bone 
marrow  is  a  fat  depot  and  the  bones  constitute  a  store  of 
mineral  matter  from  which  the  body  draws  supplies  of  minerals 
as  the  need  arises. 

In  the  blood,  calcium  is  present  almost  entirely  in  the  plasma 
and  the  amount  present  is  variable.  In  normal  health  there 
is  about  10  mg.  of  calcium  per  100  ml.  of  plasma,  but  the 
figure  will  vary  between  9  and  12  in  the  case  of  cattle  and 
sheep,  and  between  9  and  15  with  pigs  and  horses.  Two 
types  of  calcium  are  present,  namely,  calcium  bound  to 
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protein,  which  is  non-diffusible,  and  diffusible  calcium,  which 
constitutes  about  60  per  cent  of  the  plasma  calcium  and  is 
present  mainly  as  phosphate  or  bicarbonate.  It  is  the 
diffusible  calcium  which  is  the  more  important  nutritionally. 

The  plasma  calcium  originates  in  the  food,  but  the  amount 
of  calcium  absorbed  from  the  food  is  not  the  only  factor 
controlling  the  level  of  calcium  in  the  plasma.  The  primary 
factor  concerned  is  a  hormone,  called  parathormone,  secreted 
by  the  parathyroid  glands,  and  it  is  this  which  maintains 
the  level  of  calcium  in  the  blood  by  withdrawing  it  from  the 
bones.  If  the  parathyroids  cease  work  the  plasma  calcium 
at  once  falls,  and  if  they  function  abnormally  then  there  is 
an  excessive  removal  of  minerals  from  the  bones  and  an 
increased  excretion  of  calcium. 

Most  of  the  phosphorus  in  the  blood  is  present  in  the 
corpuscles  and  platelets  in  the  organic  form.  The  plasma 
contains  between  5  and  10  mg.  per  100  ml.  of  inorganic 
phosphorus  and  the  total  phosphorus  content  of  blood  varies 
between  35  and  44  mg.  per  100  ml. 

Both  calcium  and  phosphorus  are  concerned  in  the  forma¬ 
tion  of  bones  and  teeth.  Calcium  plays  an  intimate  role  in 
blood-clotting  and  in  the  clotting  of  milk,  and  phosphorus 
is  concerned  in  carbohydrate  metabolism. 

In  the  growing  bone  the  layer  of  cartilage  at  the  junction 
of  the  epiphysis  (or  head)  and  diaphysis  (or  shaft)  of  the 
bone  is  converted  into  a  protein  called  ossein  and  then 
mineralized  (chiefly  by  calcium  and  phosphorus).  This  is 
then  replaced  by  more  cartilage  and  the  process  repeated  until 
growth  is  complete.  At  the  same  time  mineralization  goes 
on  under  the  surface  of  the  bone  so  that  eventually  there 
is  hard  compact  bone  immediately  under  the  surface  and 
spongy  bone  and  bone-marrow  within. 

It  is  from  the  spongy  bone  that  minerals  are  withdrawn 
into  the  blood  when  the  demand  for  them  is  great,  as  during 
pregnancy,  lactation  or  egg  production.  At  the  height  of  the 
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lactation  of  heavy  yielding  cows,  for  example,  when  calcium 
and  phosphorus  may  be  secreted  in  the  milk  faster  than  they 
are  being  absorbed  from  the  food,  the  difference  is  made  up 
by  withdrawal  of  calcium  and  phosphorus  from  the  spongy 
bone.  Considerable  demineralization  of  spongy  bone  may 
occur  without  harmful  consequences,  the  bone  becoming 
porous  and  the  condition  being  called  osteoporosis.  As 
lactation  declines  and  the  demands  for  calcium  become 
smaller,  the  depleted  spongy  bone  will  be  remineralized  from 
the  food.  But  if  the  calcium  intake  is  low  and  the  deficiency 
persists,  then  the  hard  compact  bone  may  become  involved, 
and  withdrawal  of  minerals  from  it  will  result  in  a  loss  of 
strength  and  rigidity,  so  that  the  bone  may  become  distorted 
and  bent,  exerting  pressure  on  nerves  and  causing  lameness 
or  paralysis,  or  the  bones  may  even  fracture.  If  the  amounts 
of  calcium  and  phosphorus  and  vitamin  D  in  the  diet  are 
not  adequate,  repair  by  remineralization  from  the  food  may 
not  occur.  A  condition  of  excessively  demineralized  bone  is 
called  “  osteomalacia  ”  in  the  adult  animal.  In  the  young 
animal  failure  to  mineralize  growing  bone  leads  to  rickets 
and  the  two  conditions  appear  to  be  fundamentally  the  same. 

Osteomalacia  or  rickets  can  occur  as  a  result  of  dietary 
deficiency  of  calcium  (acalcicosis)  or  of  phosphorus  (aphos- 
phorosis)  or  of  vitamin  D,  or  of  a  lack  of  balance  between 
them. 

In  this  country  the  pastures  are  not  usually  so  low  in 
calcium  and  phosphorus  as  to  lead  to  osteomalacia  in  grazing 
animals,  though  on  poor  pastures  the  animals  undoubtedly 
benefit  from  supplements  of  minerals.  But  in  Central  Europe, 
Australia  and  South  Africa  there  are  pastures  which  are  low 
in  phosphorus,  and  where  osteomalacia  develops  as  a  result 
of  aphosphorosis  in  both  cattle  and  sheep.  This  can  be 
corrected  by  feeding  supplements  of  bone  meal.  Where, 
however,  animals  are  kept  under  artificial  conditions,  as  for 
example  during  the  winter  feeding  of  dairy  cattle,  or  with 
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sty-fed  pigs,  or  intensively-kept  poultry,  the  consequences 
of  calcium  deficiency  may  easily  develop.  The  concentrated 
foods  used  in  feeding  dairy  cattle  and  the  cereals  which 
commonly  make  up  a  large  part  of  the  diet  of  pigs  and  poultry 
are  high  in  phosphorus  and  low  in  calcium.  Moreover,  such 
rations  are  often  low  in  vitamin  D.  Thus  unless  natural 
foods  rich  in  calcium  such  as  fish  meal,  meat  and  bone  meal, 
milk  by-products,  or  good  hay  are  fed,  recourse  must  be 
had  to  the  use  of  mineral  supplements  containing  chalk  and 
steamed  bone  flour,  to  supply  the  necessary  calcium. 

During  growth,  pregnancy  and  lactation  in  farm  animals, 
and  during  growth  and  egg  production  in  poultry,  considerable 
amounts  of  calcium  and  phosphorus  must  be  present  in  the 
diet.  Moreover,  not  only  must  the  absolute  amounts  of  these 
elements  be  adequate,  but  they  must  be  correctly  “  balanced  ”, 
i.e.  in  the  right  proportion  to  each  other.  The  optimum 
calcium-phosphorus  ratio  for  farm  animals  lies  between  1  :  2 
and  1:1,  and  any  notable  excess  of  calcium  over  phosphorus 
or  phosphorus  over  calcium  in  the  diet  results  in  a  disturbance 
in  their  absorption  from  the  gut. 

Sodium,  Potassium  and  Chlorine.  These  elements  are 
found  almost  entirely  in  the  soft  tissues. 

Sodium  occurs  mainly  in  the  extra-cellular  fluids  and  forms 
about  0-2  per  cent  of  the  body  weight.  About  92  per  cent 
of  the  bases  of  the  blood  consist  of  sodium. 

It  is  not  appreciably  stored  in  the  body  and  excesses  of 
it  are  excreted,  mainly  in  the  urine  as  chloride  and  phosphate, 
though  some  is  eliminated  in  the  sweat 

Deficiency  of  sodium  in  the  diet  leads  to  retarded  growth 
and  also  to  a  lowered  retention  of  calcium  and  of  nitrogen 
from  the  food. 

It  is  in  some  way  associated  with  the  functioning  of  muscle. 

Potassium  occurs  chiefly  in  the  intracellular  fluids  and  the 
body  content  of  potassium  is  less  than  that  of  sodium.  The 
muscles,  however,  contain  considerably  more  potassium  than 
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they  do  sodium,  and  like  sodium  it  is  associated  with  muscle 
metabolism.  A  dietary  deficiency  in  potassium  amongst 
farm  animals  is  unlikely  to  occur,  for  plants  are  relatively 
rich  in  potassium.  Pasture  grass  may  contain  twenty  times 
as  much  potassium  as  sodium.  Herbivorous  animals  fre¬ 
quently  require  a  supplement  of  sodium  chloride  in  order  to 
narrow  down  the  potassium-sodium  ratio  of  their  food. 

Chlorine  occurs  in  the  body  fluids  and  is  stored  in  the  skin 
and  also  subcutaneously.  It  makes  up  about  65  per  cent  of 
the  acidic  ions  of  the  blood.  It  is  excreted  along  with  sodium 
and  potassium. 

The  Use  of  Common  Salt  as  a  Supplement.  Sodium 
chloride,  in  the  form  of  common  salt,  is  frequently  used  as 
a  supplement  to  the  diet  of  farm  animals.  It  acts  as  a 
condiment,  stimulates  the  flow  of  saliva,  and  will  make  good 
any  deficiency  of  sodium  in  the  food. 

If  the  intake  of  salt  is  excessive,  then  there  is  increased 
excretion  of  sodium  and  chlorine  in  the  urine,  and  increased 
thirst  and  water  requirements.  If  the  intake  is  very  excessive, 
then  water  may  be  retained  in  the  tissues  and  lead  to  oedema. 

When  sodium  and  chlorine  are  low  in  the  food,  the  animal 
appears  to  be  able  to  resist  the  deficiency  to  some  extent 
by  reducing  excretion  of  these  elements. 

Salt  is  usually  necessary  for  dairy  cows  since  milk  is  fairly 
rich  in  both  sodium  and  chlorine,  and  a  herbivorous  diet  may 
not  supply  sufficient  of  these  elements.  Without  a  sufficient 
supply  of  sodium  and  chlorine  the  yield  will  decline  and  the 
animal  will  lose  weight.  The  salt  can  be  given  in  the  form 
of  a  lick,  or  as  a  part  of  a  mineral  mixture  incorporated  with 
the  food.  A  commonly  used  mineral  supplement  is  one  of 
1  part  of  chalk,  1  part  of  sterilized  steamed  bone  flour  and 
1  part  of  common  salt,  incorporated  at  the  rate  of  3  lb.  per  cwt. 
of  the  production  ration. 

Poultry  on  cereal  diets  without  added  salt  show  a  reduction 
in  egg  production,  calcium  retention,  and  live  weight,  and 
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may  develop  cannibalism.  The  addition  of  salt  to  cereal  diets 
fed  to  pigs  favours  retention  of  calcium  phosphorus  and 
nitrogen.  Similar  effects  upon  calcium,  phosphorus  and 
nitrogen  retention  are  produced  by  using  sodium  citrate 
instead  of  sodium  chloride,  and  the  effects  are  therefore 
ascribed  to  sodium. 

Both  pigs  and  poultry,  however,  have  a  low  tolerance  for 
salt  and  4  g.  of  it  per  kilogramme  of  body  weight  is  said  to 
be  lethal  to  hens,  though  chicks  have  been  successfully  reared 
on  diets  containing  as  much  as  8  per  cent  of  salt. 

Iron,  Copper  and  Cobalt.  Very  little  iron  is  present  in 
the  animal  body.  It  has  been  estimated  at  about  0-005  per 
cent,  but  nevertheless  its  presence  in  the  food  is  essential. 
It  is  a  component  of  haemoglobin,  which  is  present  in  red 
blood  corpuscles  and  concerned  in  oxygen  transport  in  the 
body.  It  also  functions  as  a  catalyst  in  oxidation  processes 
occurring  in  the  cells. 

The  copper  content  of  the  body  is  even  smaller  than  that 
of  iron,  but  it  is  equally  essential.  It  occurs  mainly  in  the 
liver  and  it  plays  an  intimate  part  in  haemoglobin  synthesis 
(possibly  by  assisting  in  the  mobilization  of  iron  in  the  body), 
although  it  is  not  a  component  of  it. 

Deficiency  of  either  iron  or  copper,  or  both,  will  cause  a 
lowered  haemoglobin  content  in  the  blood,  i.e.  nutritional 
anaemia.  This  condition  may  develop  at  any  time  during 
the  animal’s  life,  but  is  most  common  in  suckling  animals. 
The  iron  content  of  milk  is  low  and  the  new-born  animal’s 
requirements  are  met  from  stores  of  iron  laid  down  in  its 
body  during  the  latter  part  of  the  gestation  period  and 
derived  from  the  food  of  its  mother.  Thus  if  the  iron  content 
of  the  mother’s  diet  is  low  during  pregnancy,  or  if  the  number 
of  animals  born  is  large,  or  if  birth  is  premature,  then  the 
store  of  iron  in  the  body  of  the  newborn  will  be  low.  Now 
normally  the  body  store  of  iron  in  the  suckling  animal  will 
be  sufficient  to  meet  its  needs  until  it  eats  food  other  than 
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milk,  but  if  the  body  store  is  low  and  the  animal  is  kept 
out  of  contact  with  any  source  of  iron  other  than  the  milk 
of  its  mother  (as  for  example  with  pigs  reared  in  sties),  then 
nutritional  anaemia  may  develop.  The  condition  may  be 
prevented  by  allowing  the  young  pigs  access  to  freshly  cut 
grass  sods,  or  to  coal  ashes,  or  by  painting  the  sow’s  udder 
daily  with  a  solution  of  oz.  of  ferrous  sulphate  and  §  oz. 
of  copper  sulphate  in  1  pint  of  water  mixed  with  1  pint  of 
treacle.  Alternatively  the  pigs  may  be  individually  dosed 
with  a  solution  of  ferrous  sulphate  and  copper  sulphate. 

Recently  it  has  been  shown  that  cobalt  is  also  necessary 
for  the  prevention  of  anaemia.  Nutritional  anaemia  affecting 
stock  in  various  parts  of  the  world,  such  as  the  salt-sickness 
of  cattle  in  Florida,  bush-sickness  in  New  Zealand,  and 
pining  in  sheep  in  Scotland,  as  well  as  anaemia  in  Australia, 
have  been  related  to  deficiency  of  cobalt  in  the  food.  In  the 
absence  of  cobalt,  iron  and  copper  will  not  cure  these  con¬ 
ditions  and  apparently  traces  of  cobalt  are  necessary. 

The  iron  content  of  foods  is  variable.  Many  seeds  and 
leafy  materials  are  rich  in  iron.  Most  of  the  iron  of  cereal 
grains  occurs  in  the  seed-coats  and  germ,  so  that  cereal 
milling  offals  are  also  rich  in  iron.  The  iron  content  of  a 
food  is  not  necessarily  an  index  of  its  value  as  a  source  of 
iron  to  the  animal,  since  the  availability  of  the  iron  varies 
considerably  with  its  source.  For  example,  the  iron  in  soya 
beans  and  other  legumes  is  highly  available,  that  of  wheat 
and  oats  less  available,  and  that  of  lucerne  still  less  available. 

Iodine.  The  amount  of  iodine  in  the  body  is  very  small 
and  it  is  present  mainly  in  the  form  of  thyroxine,  a  hormone 
which  is  secreted  by  the  thyroid  gland  and  which  has  the 
following  structure  : 

I  I 

HO  0— /  )>— CH2— CH(NH2)— COQH 


I 
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The  thyroid  secretion  controls  the  physical,  sexual  and  mental 
development  of  the  body,  and  also  the  basal  metabolism. 

A  deficiency  of  iodine  in  the  food,  combined  with  a  demand 
for  iodine  by  the  body,  results  in  simple  goitre,  which  is  an 
enlargement  of  the  thyroid  gland  in  an  effort  to  supply  more 
thyroxine.  This  usually  manifests  itself  in  the  young  born 
from  an  animal  fed  on  a  diet  deficient  in  iodine,  in  the  form 
of  “  foetal  athyrosis  ”.  The  animals  are  either  born  dead  or 
else  die  soon  afterwards.  Lambs  and  calves  are  born  weak 
and  goitrous,  pigs  weak  and  hairless.  This  “  hairless  pig 
malady  ”  at  one  time  caused  considerable  losses  in  certain 
parts  of  the  U.S.A.,  but  is  now  prevented  by  adding  traces 
of  potassium  iodide  to  the  food  of  the  sows  during  pregnancy. 

Iodine  deficiency  is,  however,  comparatively  rare  amongst 
farm  animals  except  in  certain  areas  in  the  world  where  the 
pasture  and  water  is  low  in  iodine.  It  has  occurred  in  cattle 
and  sheep  in  Switzerland,  in  the  Balkan  countries,  in  Asia, 
in  Central  and  South  America  and  in  Canada.  In  Great 
Britain,  goitre  in  lambs  has  been  reported  from  certain  areas 
in  Somerset  and  Dorset. 

Amongst  rationed  animals  in  this  country  it  is  rare  that 
the  ration  is  so  deficient  in  iodine  as  to  result  in  goitre,  though 
additions  of  iodine  to  the  ration  may  have  beneficial  effects. 
Both  positive  and  negative  evidence  is  available  for  the  effect 
of  additions  to  the  ration  of  traces  of  iodine  upon  milk  pro¬ 
duction,  reproduction,  growth,  incidence  of  disease,  etc. 

There  is,  however,  a  small  though  definite  demand  for 
iodine  by  the  body  throughout  life,  the  demand  being  greatest 
during  pregnancy,  and  it  is  highly  probable  that  in  this 
country  the  demand  will  be  met  by  ordinary  average  rations 

and  by  most  of  the  pastures. 

Except  in  areas  known  to  be  “  goitrous  ”,  therefore,  where 
supplements  of  iodine  may  be  beneficial,  additions  of  traces 
of  iodine  to  the  diet  will  largely  be  a  form  of  “  health 
insurance  ”. 
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Magnesium.  Metabolically,  magnesium  is  closely  related 
to  calcium  and  phosphorus,  though  there  is  a  smaller  amount 
of  it  in  the  body.  Most  of  it  is  present  in  the  bones.  Blood- 
plasma  contains  between  1  and  4  mg.  of  magnesium  per  100  ml. 

It  is  concerned  in  the  formation  of  bones  and  teeth,  and 
in  the  activation  of  the  enzyme  phosphatase. 

Dietary  deficiency  of  magnesium  results  in  nervous  irrita¬ 
bility,  convulsions  and  death.  These  conditions  have  been 
produced  experimentally  in  rats  by  feeding  diets  low  in 
magnesium.  “  Magnesium  tetany  ”  has  also  been  produced 
in  calves  fed  on  a  milk  diet. 

It  is,  however,  doubtful  whether  dietary  deficiency  of 
magnesium  ever  occurs  naturally  amongst  farm  animals, 
since  the  requirement  for  magnesium  is  low  and  should  be 
well  covered  by  all  ordinary  rations. 

A  low  concentration  of  magnesium  in  the  blood  (hypo- 
magnesaemia)  does,  however,  accompany  such  diseases  as 
Hereford  disease,  lactation  tetany,  and  staggers.  It  is 
thought  that  the  magnesium  level  in  the  blood  (like  that  of 
calcium)  is  under  hormonal  control,  probably  by  hormones 
secreted  by  the  anterior  lobe  of  the  pituitary  gland.  A  break¬ 
down  in  this  control  results  in  hypomagnesaemia  which  is 
corrected  by  intravenous  or  subcutaneous  injection  of 
magnesium  sulphate  solution. 

Manganese.  Manganese  is  present  in  practically  all  the 
tissues  but  is  mainly  stored  in  the  liver  and  kidneys.  The 
content  in  the  blood  varies  from  one  species  to  another  up 
to  about  0-002  mg.  per  100  ml. 

The  function  of  manganese  in  the  body  is  not  well  under¬ 
stood.  It  appears  to  be  necessary  for  the  proper  formation 
of  bone  in  chicks  and  in  pigs,  and  concerned  with  egg 
production  m  hens.  Experiments  with  rats  on  manganese- 
deficient  diets  have  shown  it  to  be  concerned  with  repro¬ 
duction  Under  conditions  of  manganese  deficiency  ovulation 
is  irregular  and  sexual  maturity  delayed. 
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It  is  thought  that  manganese  is  involved  in  tissue  respira¬ 
tion,  probably  as  a  co-enzyme. 

The  requirement  for  manganese  is  low  and  will  ordinarily 
be  satisfied  by  average  normal  rations. 

Zinc.  Zinc  is  present  in  the  tissues  in  small  amounts,  but 
is  widely  distributed. 

Experiments  with  rats  have  shown  it  to  be  a  dietary 
essential.  Without  it  growth  and  the  growth  of  the  rat’s 
fur  are  impaired.  Its  exact  function  in  metabolism  is 
not  known,  but  it  may  be  connected  with  carbohvdrate 
metabolism. 

Deficiency  of  zinc  amongst  farm  animals  is  not  known 
to  occur. 

Sulphur.  The  body  contains  about  0  15  per  cent  of 
sulphur,  nearly  all  of  which  is  in  organic  combination  as 
cystine  and  methionine. 

It  is  excreted  both  in  the  faeces  and  urine  and  is  supplied 
mainly  in  the  form  of  sulphur-containing  amino-acids  in  the 
food.  Sulphates  and  sulphides  are  of  no  value  as  a  source 
of  sulphur  to  the  animal. 

Fluorine.  Small  quantities  of  fluorine  are  widely  dis¬ 
tributed  in  animals  and  plants.  Bones  and  teeth  contain 
up  to  005  per  cent  and  it  appears  to  be  part  of  their 

structure. 

Fluorine  is  not  believed  to  be  an  essential  component  of 
the  diet,  but  above  certain  concentrations  it  can  prove  toxic. 
Its  toxicity  depends  upon  its  mode  of  combination ,  for 
example,  NaF  is  more  toxic  than  CaF2. 

Fluorine  toxicity  manifests  itself  in  mottling  of  the  enamel 
of  the  teeth,  dental  decay,  and  thickening  and  softening 
of  the  bones.  The  fluorine  and  magnesium  content  of  the 
bones  increases  and  their  carbonate  content  decreases,  and 
the  injury  to  the  teeth  results  in  secondary  nutritional 

defects. 
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The  use  of  rock  phosphate  as  a  mineral  supplement  may 
prove  harmful  on  account  of  the  fluorine  content,  and  it  is 
therefore  inadvisable  to  use  such  material  if  it  contains  more 

than  0-1  per  cent  of  fluorine. 

Most  commonly  used  feeding-stuffs  do  not  contain  sufficient 

fluorine  to  be  harmful. 


THE  VITAMINS 

The  vitamins,  a  group  of  organic  substances,  which  have 
pronounced  physiological  effects,  are  essential  components  of 
a  complete  diet.  It  was  not  until  early  in  the  present  century 
that  their  existence  was  realized,  but  much  earlier  than  this 
diseases  were  encountered  which  are  now  known  to  be  due 
to  vitamin  deficiency.  When  the  vitamins  were  severally 
discovered,  their  chemical  nature  was  unknown,  and  instead 
of  being  given  names  they  were  lettered.  They  are  still 
known  by  letters,  although  their  chemical  nature  has  been 
elucidated. 

Although  the  vitamins  are  essential  to  normal  health  and 
nutrition,  the  vitamin  requirements  of  the  various  species 
differ.  Ruminants,  for  example,  can  synthesize  various  com¬ 
ponents  of  the  B  complex  in  the  rumen  and  therefore  do  not 
require  these  yitamins  in  their  food.  Animals  other  than 
guinea-pigs  and  the  primates  appear  to  be  able  to  synthesize 
vitamin  C.  Indeed,  in  feeding  farm  animals  it  is  seldom 
necessary  to  consider  the  vitamins  other  than  A  and  D. 
They  will  usually  either  be  present  in  the  food  in  sufficient 
amounts  or  be  synthesized  by  the  animal  itself. 

As  already  indicated  (p.  190),  the  vitamins  are  divided 
into  two  groups  : 

(1)  Fat-soluble  A,  D,  E  and  K. 

(2)  Water-soluble  B  complex  and  G. 
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Vitamin  A.  Vitamin  A  is  a  practically  colourless  alcohol, 
C20H29OH,  the  structure  of  which,  according  to  Karrer,  is : 


CH3  CH3 

\  / 
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It  is  a  growth-promoting,  disease-resisting  factor  essential 
to  normal  health  and  nutrition  at  all  ages.  Animals  will, 
under  normal  conditions,  store  considerable  amounts  of 
vitamin  A,  especially  in  their  adipose  and  glandular  tissues. 
They  probably  absorb  it  from  their  food  in  the  small  intestine 
and  excrete  it  via  both  urine  and  faeces.  It  passes  through 
the  mammary  gland  into  the  milk  in  lactating  animals. 

It  is  outstandingly  present  in  fish-liver  oils,  egg-yolk, 
butterfat,  liver,  and  other  animal  products. 

Animals  obtain  vitamin  A  from  the  green  parts  of  plants, 
although  it  is  not  present  there  as  such.  The  green  parts 
of  plants  contain  a  group  of  yellow  pigments  known  as  a,  /?, 
and  y  carotenes  and  hydroxy-/?  carotene  (or  cryptoxanthine) 
which  yield  vitamin  A  on  hydrolysis  thus  : 

C40H56  +  2H20  =  2C20H29OH 

In  the  animal  this  conversion  of  carotenes  into  vitamin  A 
occurs  in  the  liver,  but  it  does  not  follow  that  the  whole 
of  the  ingested  carotenes  will  be  so  converted ;  some  may 
be  stored  as  such  in  the  tissues.  The  lactating  cow  partially 
converts  ingested  carotenes  into  vitamin  A  in  the  liver,  some 
of  the  carotenes  passing  unchanged  into  the  milk  along  with 
vitamin  A,  and  the  extent  to  which  the  conversion  takes 
place  varies  with  different  breeds  of  cows.  Since,  however, 
the  carotenes  are  precursors,  or  provitamins  of  vitamin  A, 
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it  is  immaterial  from  the  point  of  view  of  the  consumer  of 
the  milk  whether  the  vitamin  A  is  present  as  such  or  in  the 
form  of  its  precursor. 

Vitamin  A  is  fairly  susceptible  to  heat  and  oxidation  and 
so  are  the  carotenes.  Materials  containing  it  (e.g.  cod-liver 
oil)  must  therefore  be  carefully  stored  out  of  contact  with 
air,  heat  and  light  as  far  as  possible,  lest  the  vitamin,  be 
oxidized.  Moreover,  the  sun  drying  of  fodder,  as  during 
haymaking,  results  in  the  loss  of  much  of  its  vitamin  A  value 
because  of  oxidation  of  vitamin  A  and  its  precursors.  There 
is  much  less  loss  of  vitamin  A  value  when  a  crop  is  artificially 
dried  than  when  it  is  made  into  hay  under  favourable  con¬ 
ditions  by  sun-drying. 

Vitamin  A  is  necessary  in  the  diet  of  animals  at  all  ages, 
although  the  need  in  the  case  of  the  young  growing  animal 
is  greater  than  in  the  adult.  Deficiency  in  the  young  animal 
results  in  cessation  of  growth,  which  is  ultimately  fatal  if 
the  deficiency  persists.  The  deficient  adult  animal  shows 
increased  liability  to  bacterial  infection  and  a  general  impair¬ 
ment  of  nutrition.  In  rats,  and  some  other  experimental 
animals,  vitamin  A  deficiency  frequently  results  in  the  develop¬ 
ment  of  respiratory  diseases,  and  the  occurrence  of  a  disease 
of  the  eyes  known  as  xerophthalmia,  which  may  possibly 
result  in  total  blindness.  Cattle  and  sheep  develop  night 
blindness  as  a  result  of  vitamin  A  deficiency.  This  is  due 
to  a  failure  to  regenerate  visual  purple,  a  pigment  which  is 
decomposed  in  the  retina  by  light,  and  which  is  regenerated 
only  if  a  sufficiency  of  vitamin  A  is  available.  Pigs  without 
a  sufficiency  of  vitamin  A  develop  nervous  symptoms,  stiffness 
of  gait  and  inco-ordination  of  movement.  They  do  not  often 
develop  eye  lesions,  but  defective  vision  may  occur.  Vita¬ 
min  A  deficient  poultry  often  do  develop  eye  lesions,  and 
white  pustules  appear  on  the  roof  of  the  mouth  and  the 
lining  of  the  oesophagus. 

Failure  of  nutrition  due  to  vitamin  A  deficiency  will  not 
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become  apparent  immediately  the  deficiency  in  the  diet 
occurs,  but  will  appear  after  a  time  dependent  presumably 
upon  the  magnitude  of  the  body  stores  of  the  vitamin. 

An  adequacy  of  vitamin  A  in  farm  animals’  rations  can  be 
ensured  by  the  inclusion  of  a  sufficiency  of  green  food,  or 
by  incorporating  cod-liver  oil  with  the  ration. 

The  vitamin  A  potency  of  milk  and  dairy  products  can  be 
enhanced  by  including  green  foods,  such  as  dried  grass,  in 
the  winter  ration  of  the  dairy  cow. 

Vitamin  D.  Vitamin  D  accompanies  vitamin  A  in  natural 
oils  and  fats,  and  foods  which  contain  vitamin  A  usually 
also  contain  some  vitamin  D.  It  was  originally  thought  to 
be  a  single  substance,  but  it  is  now  known  to  be  multiple 
in  character. 

Two  D  vitamins  are  at  present  recognized  as  being  of 
outstanding  nutritional  importance.  They  are  vitamin  D2, 
or  calciferol,  which  is  produced  from  ergosterol  by  activation 
with  ultra-violet  light  or  sunlight,  and  vitamin  D3,  which  is 
activated  7 -dehy dro-cholesterol . 
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Vitamin  D  is  antirachitic  (i.e.  resists  the  development  of 
rickets),  and  its  absence  from  the  diet  causes  a  marked  dis¬ 
turbance  of  calcium  and  phosphorus  metabolism,  resulting  in 
the  production  of  imperfectly  calcified  bone,  even  though  the 
supply  of  calcium  and  phosphorus  be  adequate  and  in  the 
right  proportion  to  each  other.  Its  action  is  imperfectly 
understood,  but  it  appears  either  to  influence  absorption  of 
calcium  and  phosphorus  from  the  food  or  to  lower  their 
excretion  from  the  body. 

Fish-liver  oils  are  rich  sources  of  vitamin  D  and  egg-yolk 
and  butterfat  contain  the  vitamin,  but  its  distribution  in 
nature  is  limited.  Living  growing  seeds  and  plants  are 
practically  devoid  of  it,  but  the  drying  of  cut  crops  in  sunlight, 
as  in  haymaking,  causes  the  development  of  vitamin  D  by 
activation  of  the  sterols  in  the  plant.  Thus  sun-drying  tends 
to  develop  vitamin  D  and,  as  has  already  been  pointed  out, 
artificial  drying  tends  to  conserve  the  vitamin  A  value  of 
crops  ;  but  however  hay  may  be  made,  it  will  not  contain 
both  vitamins  A  and  D  in  abundance. 
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Farm  animals  which  are  sufficiently  exposed  to  direct  sun¬ 
light  will  not  require  vitamin  D  in  their  food,  since  it  will 
be  synthesized  in  their  skin.  But  in  the  absence  of  sunlight, 
and  with  a  vitamin  D  deficient  diet,  rickets  will  occur  in  the 
young  growing  animal  and  osteomalacia  in  the  adult.  The 
former  results  from  a  failure  to  calcify  the  growing  bone,  the 
latter  from  a  failure  to  replace  minerals  withdrawn  from  the 
bones. 

Vitamin  D  is  particularly  important  in  the  case  of  young 
growing  animals,  and  under  practical  conditions  rickets  can 
occur  in  chickens,  pigs  and  calves  if  the  vitamin  supply  is 
inadequate,  even  though  calcium  and  phosphorus  are  supplied 
in  adequate  amounts  and  optimum  balance.  The  condition 
can  be  presented  by  exposing  the  animals  to  direct  sunlight, 
or  by  adding  cod-liver  oil  to  the  food. 

Vitamin  D  is  present  in  the  butterfat  of  milk  and  dairy 
products,  but  the  potency  of  the  milk  of  stall-fed  cows  in 
the  winter  will  tend  to  be  less  than  that  of  cows  at  pasture. 
It  has  been  shown  that  cacao-shell,  a  by-product  of  the  cocoa 
and  chocolate  industry,  is  a  potent  source  of  vitamin  D,  and 
that  the  inclusion  of  2  lb.  of  it  per  head  per  day  in  the  winter 
rations  of  dairy  cows  raises  the  vitamin  D  content  of  the 
butterfat  from  the  winter  to  the  summer  level.  More  than 
2  lb.  of  it  is,  however,  undesirable  because  cacao-shell  contains 
theobromine,  which  is  toxic,  and  for  this  reason  the  shell 
is  unsuitable  as  a  vitamin  D  supplement  for  other  farm 
stock. 

Vitamin  E.  Vitamin  E  is  associated  with  reproduction. 
Deficiency  of  it  results  in  sterility  in  both  sexes.  In  the  male 
there  will  be  atrophy  of  the  testicles,  involving  destruction 
of  the  germ  cells,  and  finally  of  the  entire  seminiferous  epi¬ 
thelium.  In  the  female,  during  gestation,  the  development 
of  the  embryo  is  inhibited  and  ultimately  it  dies  and  is 

absorbed. 

Vitamin  E  was  once  thought  to  be  a  single  substance,  but 
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three  naturally-occurring  forms  are  now  believed  to  exist, 
viz.  a-,  /?-  and  y-tocopherol. 

a-tocopherol  is  : 
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The  vitamin  is  widely  distributed  in  nature,  being  found 
in  various  animal  products,  in  the  green  parts  of  plants, 
and  in  the  oil  of  the  embryo  of  seeds.  Wheat-germ 
oil  is  especially  rich  in  vitamin  E.  Cod-liver  oil,  which 
is  a  potent  source  of  vitamins  A  and  D,  is  poor  in 
vitamin  E. 

Recently,  in  America,  it  has  been  shown  that  feeding 
cod-liver  oil  to  farm  animals  may  result  in  a  form 
of  injury  to  the  muscles  called  muscular  dystrophy. 
Apparently  this  is  due  to  a  deficiency  of  a-tocopherol, 
caused  by  inactivation  of  the  a-tocopherol  in  the  food  by 
the  cod-liver  oil. 

To  what  extent  farm  animals  require  supplies  of  vitamin  E 
in  their  food  to  ensure  fertility  is  not  clear.  Ordinarily, 
however,  the  practical  stockfeeder  need  not  concern  himself 
about  the  vitamin,  since  it  is  widely  distributed  and  likely 
to  be  present  in  the  ration  in  adequate  amounts. 

Vitamin  K.  Vitamin  K  is  concerned  with  the  formation 
of  prothrombin  in  the  liver,  and  hence  with  the  clotting  power 
of  the  blood.  Deficiency  leads  to  a  lowered  prothrombin 
content  in  the  blood  and  hence  to  lowered  clotting  power. 
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It  is  known  as  the  anti-haemorrhagic  vitamin  and  has  the 
following  structure : 
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The  synthetic  form  has  the  following  structure : 
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The  vitamin  is  quite  widely  distributed  in  nature.  It  is 
outstandingly  present  in  the  green  parts  of  plants,  and  present 
in  liver,  and  in  egg-yolk.  Various  forms  of  bacteria  can 
synthesize  it,  and  it  is  so  synthesized  in  the  intestine  and  in 
the  rumen. 

Its  wide  distribution  amongst  animal  foods  and  the  fact 
that  it  is  synthesized  by  bacteria  in  the  intestine  and  rumen, 
indicates  that  deficiency  of  the  vitamin  is  unlikely  to  occur 
in  practical  stockfeeding. 

Vitamin  B.  Vitamin  B  is  the  most  widely  distributed  of 
all  the  vitamins.  It  is  present  in  natural  foods,  but  manu¬ 
facturing  and  refining  processes  frequently  remove  it.  Origin- 
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ally,  vitamin  B  was  thought  to  bo  a  single  substance,  but 
it  is  now  known  to  be  multiple  in  character.  It  includes  the 
following  substances  : 

(1)  Vitamin  Bx  or  thiamin  which  has  the  following 
structure : 


CH3 

N=C — NH2  | 

j  |  X)=C — CH2 — CH2 — OH 

CH3— C  C— CH2—  N4  I 

II  II  I  ^CH— S 

N— CH  Cl 

It  occurs  markedly  in  the  germ  and  seed-coats  of  cereal 
grains  and  therefore  in  their  milling  offals.  Brewer’s  yeast 
is  a  very  potent  source  and  plant  leaves  contain  it  in  fair 
amount.  It  is  also  present  in  egg-yolk,  and  in  the  liver, 
heart  and  kidneys.  It  is  synthesized  by  the  bacterial  flora 
of  the  rumen. 

Deficiency  of  the  vitamin  results  in  a  disease  called  beri¬ 
beri  in  man,  and  avian  polyneuritis  in  birds.  These  are 
diseases  which  affect  the  central  nervous  system,  and  involve 
loss  of  appetite,  retarded  growth,  nervous  disorder,  muscular 
inco-ordination,  paralysis  and  death,  unless  thiamin  is  given. 

The  vitamin  acts  as  a  catalyst  in  metabolic  processes,  and 
is  believed  to  be  involved  in  carbohydrate  metabolism. 

Under  normal  circumstances  there  is  no  need  for  the  presence 
of  this  vitamin  in  the  food  of  the  ruminants,  except  possibly 
in  the  case  of  young  animals,  since  it  is  synthesized  in  the 
rumen.  Other  farm  animals  require  it  in  their  food,  but  it 
is  so  widely  distributed  amongst  natural  foods  that  deficiency 
of  it  should  not  constitute  a  practical  problem. 

(2)  Vitamin  B2  or  riboflavin  (C17H2oN406)  is  abundantly 
present  in  green  plant  leaves,  egg-white,  liver  and  milk.  It 
is  also  present  in  grains  and  leguminous  seeds  and  in  the 
heart,  brain,  pancreas,  muscles  and  other  organs.  It  is 
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synthesized  by  bacteria  in  the  rumen  and  it  has  the  following 
structure  • 
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It  is  a  growth-promoting  factor  and  is  concerned  in  oxidative 
processes  in  the  tissues. 

Ruminants  will  not  require  it  in  their  food  because  it  is 
synthesized  in  the  rumen,  but  its  presence  in  the  food  of 
other  farm  animals  and  of  poultry  is  necessary.  Deprivation 
of  riboflavin  results  in  retarded  growth,  paralysis,  collapse 
and  death,  but  ordinarily  farm  animal  rations  will  contain 
a  sufficiency  of  it. 

(3)  Nicotinic  acid, 
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and  also  nicotinic  acid  amide  are  widely  distributed  in  plants 
and  animals.  Deficiency  results  in  the  development  of “  black 
tongue  ”  in  dogs  and  of  a  disease  called  pellagra  in  man. 
Amongst  farm  animals,  pigs  require  nicotinic  acid  in  their 
diet,  and  a  form  of  enteritis  in  pigs  has  been  attributed  to 
nicotinic  acid  deficiency.  Ruminants  synthesize  it  in  the 
rumen. 

Nicotinic  acid  is  involved  in  the  synthesis  of  certain 
enzymes  in  the  body  which  are  concerned  in  oxidation  in  the 

tissues. 
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(4)  Pantothenic  acid  is  also  widely  distributed  in  nature. 
It  is  called  the  chick  anti-dermatitis  factor  and  is  essential 
in  the  diet  of  chicks  and  rats. 

It  is  synthesized  in  the  rumen  and  has  the  following 

structure  : 

CH3 

HO— CHa— C— CH(OH)— CO— NH— CH2— CHj— COOH 

diH, 

Vitamin  C.  Vitamin  C  is  outstandingly  present  in  fresh 
fruits  and  leafy  vegetables,  though  other  vegetables  contain 
considerable  amounts  of  it.  It  is  absent  from  resting  tissues 
like  seeds,  but  present  in  tissues  in  which  active  metabolic 
processes  are  proceeding.  Amimal  products  are  poor  sources 
of  vitamin  C,  although  it  is  present  in  muscle  and  glandular 
tissues,  and  in  milk.  It  is  destroyed  in  the  rumen. 

Vitamin  C  is  now  known  to  be  a  substance  called  ascorbic 
acid  and  has  the  following  structure  : 
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It  is  very  susceptible  to  oxidation.  The  process  of  hay¬ 
making,  for  example,  will  remove  any  vitamin  C  potency 
which  the  original  cut  crop  may  possess. 

Deficiency  of  vitamin  C  results  in  the  development  of 
scurvy,  a  disease  to  which  guinea-pigs,  monkeys  and  man 
are  particularly  susceptible.  Farm  animals  and  poultry, 
however,  are  not  susceptible  to  scurvy  and  appear  to  be 
able  to  synthesize  the  vitamin  in  their  tissues. 
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THE  NUTRITIVE  VALUE  OF  FOODS  AND  THE 
NUTRITIVE  REQUIREMENTS  OF  ANIMALS 

THE  NUTRITIVE  VALUE  OF  FOODS 

The  Feeding  Trial.  The  most  obvious  method  of  ascer¬ 
taining  the  nutritive  value  of  a  food  is  to  feed  it  to  the  animal 
concerned  and  observe  the  result  in  terms  of  live-weight 
increase.  This  method,  the  feeding  trial,  however,  is  subject 
to  many  errors  if  the  experiment  is  not  conducted  with  a 
sufficiently  large  number  of  animals  and  over  a  sufficient 
period  of  time.  Results  obtained  with  a  single  animal  are 
valueless,  for  various  reasons.  There  is  the  uncertainty  in 
the  animal’s  initial  weight  and  its  weight  at  any  given  time 
during  the  experiment.  The  animal’s  individuality,  expres¬ 
sing  itself  in  irregularity  of  appetite  and  voiding  of  faeces 
and  urine,  may  contribute  to  errors  in  live- weight  observations. 
Moreover,  the  results  of  a  properly  conducted  feeding  trial, 
whilst  exceedingly  useful  in  comparing  the  value  of  one  food 
or  ration  with  another  for  a  given  purpose  (say  fattening), 
cannot  give  information  upon  which  a  means  of  accurately 
assessing  the  nutritive  value  of  a  food  can  be  based. 

The  Comparative  Slaughter  Experiment.  This  method 
was  used  by  Lawes  and  Gilbert  in  their  proof  that  food 
carbohydrate  functions  as  a  source  of  body-fat,  and  seeks  to 
determine  the  effect  of  feeding  a  food,  by  direct  analysis  of 
the  carcass.  Two  groups  of  animal  are  used.  One  group  is 
slaughtered  at  the  beginning  of  the  experiment  and  the 
composition  of  the  carcasses  determined  by  chemical  analysis. 
The  results  are  assumed  to  apply  to  the  surviving  group, 
which  is  now  fed  upon  the  diet  under  examination,  the  compo- 
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sition  and  digestibility  of  which  has  been  previously  ascer¬ 
tained.  At  the  end  of  the  experimental  period  this  group  of 
animals  is  slaughtered  and  its  carcasses  analysed,  and  the 
differences  between  the  two  sets  of  results  are  relat.ed  to  the 
diet  fed.  One  of  the  chief  criticisms  which  can  be  levelled 
against  this  method  is  that  it  assumes  the  two  groups  of 
animals  to  be  identical,  and  however  carefully  chosen  the 
animals  may  be,  this  may  not  be  so.  The  method  has, 
however,  yielded  important  and  useful  results.  Not  only  can 
it  be  applied  to  the  study  of  the  conventional  groups  of 
nutrients  but  to  any  substance  which  is  susceptible  to  analyti¬ 
cal  determination,  and,  moreover,  the  distribution  of  the 
substances  about  the  body  can  be  studied  as  well  as  their 
total  content  in  the  body.  The  method  is,  however,  a 
laborious  one. 

The  Balance  Experiment.  This  method  has  yielded 
highly  significant  results  upon  which  much  of  our  knowledge 
of  the  nutritive  values  of  foods  and  the  nutritive  require¬ 
ments  of  animals  is  based.  It  consists  in  a  comparison  of 
the  income  and  output  of  the  body  in  matter  or  energy  and 
does  not  attempt  to  determine  the  original  stock  of  either 
in  the  body.  Matter-balance  experiments  usually  involve 
either  nitrogen,  carbon  or  mineral  matter.  The  diet  is 
weighed,  sampled  and  analysed  so  that  the  animal’s  intake 
is  known.  The  excreta  are  also  analysed  in  order  to  ascertain 
the  output  from  the  body.  A  comparison  of  the  two  sets 
of  data  then  shows  whether  the  animal  is  gaining  (positive 
balance),  losing  (negative  balance),  or  is  in  equilibrium- 

The  Nitrogen  Balance.  For  the  nitrogen  balance,  com¬ 
paratively  simple  apparatus  is  used,  as  in  the  digestibility 
experiment.  The  animal’s  daily  food  consumption  is  ascer¬ 
tained  and  also  the  nitrogen  content  of  the  food.  The  faeces 
and  urine  must  be  quantitatively  collected  daily,  sampled, 
and  their  nitrogen  content  determined.  In  very  accurate 
experiments  the  scurf  and  dandruff  are  brushed  from  the 
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animal’s  coat  each  day  and  the  small  amount  of  nitrogen 
excreted  through  the  skin  thus  determined.  The  results  are 
then  set  out  in  the  form  of  a  balance  sheet,  as  in  the  following 
example,  taken  from  the  results  of  an  experiment  with  sheep 
conducted  by  Woodman.  The  animal  was  being  fed  4,000  g. 
of  green  oats  and  tares  per  day. 


Table  18 

Average  Daily  N  Balance 


Consumed. 

g- 

Voided. 

g- 

Nitrogen  consumed . 

22-51 

Nitrogen  in  faeces . 

8-66 

Nitrogen  in  urine . 

11-00 

Nitrogen  gained  by  body  .... 

2-85 

22-51 

22-51 

The  daily  gain  of  2-85  g.  is  written  on  the  “  debit  ”  side 
in  order  that  the  two  sides  may  balance.  Gains  or  losses  of 
nitrogen  are  regarded  as  gains  or  losses  of  protein,  the  total 
nitrogenous  matter  of  the  body  being  regarded  as  consisting 
essentially  of  protein. 

In  the  case  of  lactating  animals  or  laying  birds  the  nitrogen 
content  of  the  milk  or  eggs  is  also  included  in  the  balance, 
as  in  the  following  example  taken  from  a  study  of  the  daily 
nitrogen  balance  of  laying  hens  by  Willcox.  The  figures 
show  a  total  balance  over  a  period  of  70  days. 


Table  19 


Nitrogen 

Nitrogen 

Nitrogen 

Balance. 

Bird. 

in  Food. 

in  Excreta. 

in  Eggs. 

g. 

g- 

g- 

g- 

I 

247-72 

179-59 

59-36 

+  8-77 

II 

224-96 

161-99 

60-83 

4-  2-14 
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Fifty-four  eggs  were  laid  by  bird  I  in  this  experiment  and 
sixty-one  by  bird  II,  and  since  both  birds  are  in  positive 
nitrogen  balance,  it  is  evident  that  the  production  of  the 
nitrogenous  constituents  of  the  egg  can  be  entirely  supported 
by  the  nitrogen  in  the  food. 

The  Carbon  Balance.  To  conduct  a  carbon-balance 
experiment  requires  rather  more  elaborate  apparatus  than 
with  the  nitrogen  balance,  for  the  animal  excretes  carbon  in 
gaseous  form,  as  C02  and  CH4.  Some  form  of  respiration 
apparatus  is  necessary  so  that  the  carbon  lost  in  the  gaseous 
form  can  be  determined.  Various  types  of  respiration  appar¬ 
atus  can  be  used  for  the  purpose. 

The  first  practicable  form  of  open-circuit  respiration 
apparatus  was  devised  by  Pettenkofer  for  experiments  with 
man,  and  has  been  subsequently  adopted  for  use  with  farm 
animals  by  numerous  investigators.  In  this  apparatus  the 
animal  is  enclosed  in  a  chamber  which  is  in  direct  communi¬ 
cation  with  the  atmosphere.  The  daily  intake  of  food  and 
output  of  faeces  and  urine  are  measured  and  their  carbon 
content  determined.  The  volume  of  air  passing  through  the 
chamber  and  the  carbon  content  of  the  ingoing  and  issuing 
air  are  determined,  and  thus  the  daily  excretion  of  carbon 
in  the  gaseous  form  is  arrived  at. 

In  the  closed-circuit  form  of  apparatus  originally  designed 
by  Regnault  and  Reiset,  the  animal  is  enclosed  in  a  chamber 
out  of  contact  with  the  atmosphere.  The  air  is  circulated 
round  the  apparatus  by  fans  or  blowers  and  the  oxygen  is 
replaced,  as  it  is  consumed,  from  a  cylinder.  The  air  passes 
through  absorbers  which  remove  the  C02,  and  the  CH4  pro¬ 
duced  is  determined  by  analysing  the  air  in  the  chamber  at 
the  end  of  the  experiment. 

The  two  forms  of  apparatus  are  illustrated  diagrammaticallv 
in  Fig.  24.  •  J 

In  either  type  of  chamber  the  carbon  and  nitrogen  balance 
can  be  studied  concurrently. 


260 


ANIMAL  NUTRITION 


Open  Circuit  Closed  Circuit 


Fig.  24. — Respiration  Chambers. 

I 

The  following  data,  due  to  Kellner,  illustrate  a  carbon  and 
nitrogen  balance  experiment  with  a  bullock,  fed  a  ration  of 
8-5  kg.  of  meadow  hay  and  40  g..  of  common  salt. 


Table  20 


Nitrogen. 

Carbon. 

Intake. 

g- 

g- 

In  8-5  kg.  Hay  7-263  kg.  dry  matter 

116-2 

3,352-6 

In  the  drinking  water  .... 

— 

2-0 

Total  intake 

116-2 

3,354-6 

Nitrogen.  Carbon, 

g-  g- 

48-7  1,2070 

61-3  210-4 

—  1,810-4 


Total  output  110-0  3,277-4 

Balance  +  6-2  4-  127-2 


The  bullock  was  in  positive  carbon  and  nitrogen  balance 
to  the  extent  of  127-2  g.  and  6-2  g.  respectively. 


Output. 

In  2-547  kg.  of  faecal  dry  matter 
In  the  urine  .... 

In  the  gaseous  excreta 
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The  positive  nitrogen  balance  of  6-2  g.  is  equivalent  to  a 
gain  of  6-2  x  6-25  =  38-75  g.  of  protein.  Some  of  the  carbon 
gained  will  be  contained  in  this  protein,  and  since  cattle 
protein  has  an  average  carbon  content  of  52*54  per  cent 
(Kohler)  it  will  amount  to  38-75  x  0-5254  =  20-36  g.  of 
carbon.  So  we  have  : 

Total  carbon  gained  ....  127-2  g. 

Carbon  gained  as  protein  .  .  .  20-36  g. 

Carbon  available  for  other  purposes  .  106-84  g. 


Any  carbon  gained  other  than  as  protein  is  calculated  as 
a  gain  of  fat,  using  76-5  per  cent  as  the  average  carbon  content 
of  animal  fat.  Thus  a  gain  of  106-84  g.  of  carbon  will  be 


equivalent  to  a  gain  of 


106-84 

0.765 


=  139-66  g.  of  fat. 


Losses  of  carbon  and  nitrogen  would  be  calculated  to  terms 
of  fat  and  protein  in  the  same  way.  The  calculation  of  the 
gain  or  loss  of  fat  involves  the  assumption  that  there  has 
been  no  significant  alteration  in  the  carbohydrate  content 
of  the  body. 


The  Mineral  Balance.  This  is  arrived  at  by  determining 
the  mineral  content  of  the  food  eaten  and  of  the  faeces  and 
urine  produced  by  an  animal,  and  comparing  the  one  with 
the  other.  In  the  case  of  lactating  animals  or  laying  hens 
the  mineral  content  of  the  milk  or  eggs  is  taken  into  account 
also. 

The  example  (Table  21)  is  taken  from  a  study  of  the  daily 
calcium  and  phosphorus  balance  of  laying  hens  by  Tyler  and 
Willcox,  and  shows  the  calcium  and  phosphorus  balance  of 
four  birds  during  a  period  of  35  days. 

Despite  the  fact  that  the  birds  were  in  positive  calcium  and 
phosphorus  balance  on  many  days  during  the  experiment, 
the  balances  over  the  period  as  a  whole  are  negative,  except 
the  calcium  balance  of  bird  G2. 
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Table  21 


Bird. 

Calcium. 

Phosphorus. 

In 

Food. 

In 

Drop- 

pings. 

In 

Eggs. 

Balance. 

In 

Food. 

In 

Drop¬ 

pings. 

In 

Eggs. 

Balance. 

0a 

g- 

72-62 

g- 

40-16 

g- 

36-32 

g- 

-  3-86 

g- 

19-43 

g- 

19-33 

g- 

1-96 

g- 

-  1-86 

S1 

67-80 

46-53 

28-18 

-  5-91 

16-17 

15-00 

1  73 

-  0-56 

s2 

63-86 

39-34 

32-61 

-  8-09 

15-05 

13-68 

2-10 

-  0-73 

C2 

75-14 

36-87 

33-73 

+  4-54 

14-50 

13-09 

243 

-  1-02 

The  Energy  Balance.  Carbon,  nitrogen  and  mineral 
balance  experiments  seek  to  estimate  gains  or  losses  of  matter 
to  the  animal,  but  the  food  may  be  regarded  as  a  source  of 
energy  used  by  the  animal  for  tissue  maintenance,  for  its 
muscular  activities  and  for  production  purposes. 

The  animal  obtains  this  energy  by  oxidizing  nutrient 
molecules  in  its  body,  and  although  the  energy  may  not 
appear  directly  as  heat,  but  may  first  assume  other  forms, 
such  as  mechanical  work,  nevertheless  in  nutrition,  energy 
is  expressed  in  heat  units.  The  unit  used  is  the  large  Calorie, 
or  kilocalorie  (Cal.).  Where  large  numbers  of  Cals,  are 
involved  the  therm  is  used,  one  therm  being  equal  to  1,000  Cals. 
One  kilocalorie  is  equal  to  1,000  calories  (cals.),  one  calorie 
being  the  amount  of  heat  required  to  raise  the  temperature 
of  1  gramme  of  water  through  1  degree  centigrade. 

The  energy  in  the  nutrient  molecules  is  liberated  to  a 
minor  extent  during  digestion  and  rumen  fermentation  and 
appears  directly  as  heat,  serving  to  warm  the  contents  of 
the  gut  to  body  temperature.  The  digested  nutrients  after 
absorption  may  be  oxidized  and  their  energy  appear  as 
mechanical  work,  either  internal  work,  such  as  that  done  by 
digestive  organs,  heart  and  lungs,  etc.,  and  the  muscles 
which  maintain  the  body’s  posture,  or  external  work,  such 
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as  that  done  in  moving  the  animal  about  or  in  hauling  a 
load.  The  equivalent  of  this  work  reappears  steadily  and 
quantitatively  as  heat,  either  inside  or  outside  the  body,  as 
the  case  may  be,  and  is  radiated  away  from  the  body  surface. 

Oxidation  of  a  measured  quantity  of  food  or  excreta  in  a 
bomb  calorimeter  will  give  its  heat  of  combustion  or  gross 
energy  value,  and  if  the  energy  intake  in  the  food  and  the 
energy  output  in  faeces,  urine  and  methane  during  the  same 
period  are  compared  with  one  another,  the  energy  available 
for  metabolism  is  obtained.  Thus  the  results  of  Kellner’s 
nitrogen  and  carbon  balance  with  a  bullock  may  be  set  out 
as  follows  : 


Table  22 

Heat  Value. 

Intake.  Cals. 

In  7-263  kg.  hay  dry  matter  .  .  .  32,177-3 

Output. 

In  2,547  g.  faecal  dry  matter  .  .  11,750-3 

In  633-7  g.  urine  solids  .  .  .  1,945  0 

In  158-4  g.  methane  ....  2,098-2 

Total  output  15,793-5 


The  intake  of  energy  exceeds  the  output  by  16,383-8  Cals, 
and  this  is  called  the  metabolizable  energy  value  of  the  ration. 
Thus : 

Metabolizable  energy  =  Gross  chemical  energy  consumed 

—  Chemical  energy  rejected. 

Nitrogen  and  carbon  balance  data  concerning  the  above 
experiment  showed  that  the  animal  made  a  gain  of  139-66  g. 
of  fat  and  38-75  g.  of  protein.  These  quantities  may  be 
regarded  as  energy  which  has  been  stored  in  the  body  *  and 
are  included  in  the  above  16,383-8  Cals,  of  metabolizable 
energy.  Taking  9-5  Cals,  and  5-7  Cals,  as  the  average  heat 
of  combustion  per  gramme  of  animal  fat  and  protein  respec- 
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tively,  the  fat  and  protein  gains  can  be  calculated  in  terms 
of  energy  thus  : 

In  the  fat,  139-66  X  9-5  =  1,326-8  Cals. 

In  the  protein,  38-75  X  5-7  =  220-9  Cals. 

Total  1,547-7  Cals. 

If  now,  this  1,547-7  Cals,  of  stored  energy  be  subtracted 
from  the  16,383-8  Cals,  of  metabolizable  energy,  the  difference, 
14,836-1  Cals.,  is  the  amount  which  will  ultimately  appear 
as  heat,  either  directly  or  via  mechanical  work.  In  this 
way  the  animal’s  energy  output  as  heat  can  be  calculated 
from  the  results  of  a  carbon  and  nitrogen  balance  experiment. 
The  direct  measurement  of  the  heat  production  of  an  animal 
involves  the  use  of  animal  calorimeters. 

Animal  Calorimetry.  In  all  animal  calorimeters  the 
animal  is  completely  enclosed  in  a  chamber,  which,  for  small 
animals,  may  be  double- walled  with  a  known  mass  of  water 
between  the  two  walls.  The  outer  wall  is  insulated,  so  that 
the  heat  emitted  by  the  animal  is  absorbed  by  the  water. 
The  chamber  must,  of  course,  be  ventilated,  and  the  tem¬ 
perature  and  hygrometric  state  of  the  inward  and  outward 
air  currents  are  measured,  as  well  as  the  volume  of  air  passing 
through  the  chamber,  so  that  the  heat  carried  away  in  the 
air  can  be  calculated. 

Such  an  arrangement  is,  however,  unsuitable  for  large 
animals,  because  the  mass  of  water  would  be  so  great  as  to 
make  it  difficult  to  keep  it  sufficiently  stirred  to  ensure 
uniformity  of  temperature.  In  calorimeters  used  with  farm 
animals,  therefore,  the  heat  emitted  by  the  animal  is  either 
absorbed  by  water  circulating  through  pipes  in  the  ceiling  of 
the  chamber,  as  in  the  instrument  originally  set  up  by  Armsby 
at  Pennsylvania  in  the  U.S.A.,  or  by  water  circulating  through 
pipes  soldered  on  to  the  outside  of  the  chamber,  as  in  the 
apparatus  at  the  Institute  of  Amimal  Nutrition  at  Cambridge. 
In  both  types  of  instruments  the  heat  carried  away  in  the 
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ventilating  air  is  also  measured.  The  Pennsylvania  calori¬ 
meter  is  also  a  respiration  chamber  of  the  Pettenkofer  open- 
circuit  type,  so  that  both  nitrogen  and  carbon  balance 
experiments  and  calorimetric  measurements  can  be  made  in 
it  concurrently.  It  is  therefore  called  a  Respiration  Calori¬ 
meter.  Provision  is  also  made  in  these  animal  calorimeters 
for  feeding  and  for  collection  of  faeces  and  urine  without 
loss  of  heat.  They  are  described  and  illustrated  by  Deighton 
(“  Bailliere’s  Encyclopedia  of  British  Agriculture  ”,  Vol.  I, 
p.  207),  by  Capstick  {J.  Agric.  Sci.,  1921,  11,  p.  408)  and  by 
Armsby  (Exp.  Stn.  Rec .,  1908-4,  15,  1037). 

Table  23  is  an  example  of  a  carbon-nitrogen  and  energy 
balance  experiment  carried  out  by  Armsby  in  the  respiration 
calorimeter  at  Pennsylvania,  with  a  bullock. 

Armsby  calculates  these  gains  of  nitrogen  and  carbon  to 
be  equivalent  to  gains  of  66-6  g.  of  protein  and  15-2  g.  of  fat, 
using  6  as  the  factor  for  conversion  of  nitrogen  to  cattle 
protein  and  52-54  per  cent  and  76*5  per  cent  as  the  carbon 
content  of  cattle  protein  and  fat  respectively. 

The  metabolizable  energy  value  of  this  ration  will  be 
12,101  Cals.  The  energy  content  of  the  fat  and  protein 
gained  will  be  : 

Cals. 

In  the  fat,  15-2  X  9-5  =  144-4 

In  the  protein,  66-6  X  5-7  =  379-6 

524-0 


If  this  524  Cals,  is  subtracted  from  the  12,101  Cals,  of 
metabolizable  energy,  the  calculated  heat  production  of 
11,577  Cals,  is  obtained,  which  compares  very  well  with  the 
observed  value  of  11,493  Cals,  and  demonstrates  the  kind  of 
accuracy  attainable  in  this  type  of  experiment.  The  heat 
production  of  an  animal  can  also  be  measured  by  indirect 

calorimetry,  which  involves  a  determination  of  the  Respiratorv 
Quotient.  J 

I.A.C. 


s 
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Table  23 

Nitrogen  and  Carbon  Balance 


Nitrogen. 

Carbon. 

Income. 

Outgo. 

Income. 

Outgo. 

g- 

g. 

g. 

g. 

6,988  g.  Timothy  hay  . 

56-4 

2,831-7 

400  g.  Linseed  meal  . 

21-9 

172-6 

16,619  g.  Faeces  .... 

33-5 

1,428-7 

4,357  g.  Urine  .... 

324 

124-2 

37  g.  Brushings  . 

1-3 

8-0 

4,730  g.  C02  .... 

1,290-2 

142  g.  CH4  .... 

106-6 

Gain  by  body  . 

111 

46-6 

78-3 

78-3 

3,004-3 

3,004-3 

Energy  Balance 


Income. 

Cals. 

Outgo. 

Cals. 

6,988  g.  Timothy  hay . 

400  g.  Linseed  meal . 

16,619  g.  Faeces . 

4,357  g.  Urine . 

37  g.  Brushings . 

142  g.  Methane . 

He&t  emitted  by  the  animal  . 

Gain  by  body . 

27,727 

1,811 

14,243 

1,210 

88 

1,896 

11,493 

608 

29,538 

29,538 

The  Respiratory  Quotient  (R.Q.)-  The  R.Q.  is  the 
volume  of  C02  produced  by  an  animal  divided  by  the  volume 
of  02  absorbed  in  the  same  time. 

_  Vol.  C02  produced 
Vol.  02  absorbed 
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The  R.Q.  can  be  determined  in  either  the  open-  or  closed- 
circuit  type  of  respiration  chamber  or  by  fitting  a  mask  over 
the  animaTs  face  and  connecting  the  mask  with  a  gas-collecting 
apparatus.  Alternatively,  a  tube  may  be  inserted  into  the 
trachea  and  connected  to  the  gas-collecting  apparatus.  The 
expired  air  is  measured  and  analysed  and  if  the  mask  is 
used  with  ruminants,  a  correction  must  be  applied  for  the 
C02  due  to  fermentation  in  the  gut.  Knowing  the  compo¬ 
sition  of  the  inspired  and  expired  air,  the  volumes  of  C02 
produced  and  02  absorbed  can  be  calculated,  and  thus  the 
R.Q.  The  method  and  its  application  to  ruminants  are  dis¬ 
cussed  by  Orr  and  Magee  (J.  Agric.  Sci.,  1923,  14,  557)  and 
by  Deighton  (“  Encyclopedia  of  British  Agriculture  ”,  i). 

The  magnitude  of  the  R.Q.  will  depend  upon  the  nature 
of  the  material  undergoing  oxidation  in  the  body.  For 
example,  the  R.Q.  for  carbohydrate  can  be  deduced  from 
either  of  the  following  equations  representing  the  oxidation 
of  glucose  and  glycogen  respectively. 

C6H1206  +  602  =  6C02  +  6H20 
(C6H10O5)w  +  6w02  =  6wC02  +  5wH20 

whence 


6w 

6n 


Similarly  for  a  typical  fat,  say  tripalmitin  : 

C5iHB806  +  72-502  =  51C02  +  49H20 

whence 


By  a  similar  but  more  complicated  calculation  the  R.Q.  for 
protein  may  be  deduced  as  0-8.  Ordinarily  the  gaseous 
exchange  due  to  protein  is  small,  so  that  if  the  R.Q.  approaches 
1-0  the  catabolism  will  be  chiefly  that  of  carbohydrate,  and 
n  it  approaches  0-7,  chiefly  that  of  fat. 
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Now,  energy  is  developed  in  the  body  by  oxidation,  and 
when  a  given  quantity  of  material  is  oxidized  in  the  tissues 
a  definite  amount  of  02  will  be  used,  a  definite  amount  of 
C02  produced  and  a  definite  amount  of  heat  will  be  emitted. 
The  relationship  between  these  values  for  the  energy-yielding 
nutrients  has  been  worked  out  and  it  is  known  that — 


I  litre  of  02  gives  rise  to 

5-047  Cals,  when  used  to  oxidize  carbohydrate 

4-686  Cals,  when  used  to  oxidize  fat 

4-485  Cals,  when  used  to  oxidize  protein. 


Now  the  amount  of  protein  catabolized  can  be  arrived  at  by 
determining  the  urinary  nitrogen  produced  during  the  course 
of  the  experiment.  Moreover,  it  is  known  that  in  herbivora 
5-982  litres  of  02  are  used  and  4-837  litres  of  C02  produced 
in  protein  oxidation  per  gramme  of  urinary  nitrogen.  Thus 
the  02  and  C02  due  to  protein  oxidation  may  be  calculated. 
Multiplication  of  this  figure  for  oxygen  by  4-485  will  give  the 
heat  production  due  to  protein  oxidation.  If,  now,  these 
volumes  of  protein  02  and  C02  are  subtracted  from  the 
observed  C02  production  and  02  consumption  during  the 
experiment,  a  “  Non-protein  R.Q  ”  can  be  calculated.  Let 
this  be  N  ;  then — 


1  -N 
F-  0-7 


X  100  = 


Percentage  of  the  oxygen 
used  in  fat  oxidation 


which  has  been 


and 


N  -  0-7 
1  -  0-7' 


X  100  = 


Percentage  of  the  oxygen  which  has  been 
used  in  carbohydrate  oxidation. 


Thus  the  volume,  in  litres,  of  oxygen  used  in  oxidizing  fat 
and  carbohydrate  can  be  calculated  and  multiplication  of 
these  figures  by  4-686  and  5-047  respectively  will  give  the 
corresponding  heat  production.  In  this  way  the  animal  s 
total  heat  production  during  the  experiment  is  arrived  at. 
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Abnormal  R.Q.s  are  frequently  met  with  ;  for  example,  the 
formation  of  fat  from  carbohydrate  in  the  body  liberates 
oxygen  and  thus  the  R.Q.  is  raised.  Certain  pathological 
conditions  lower  the  R.Q. 

However,  the  R.Q.  method  has  found  considerable  applica¬ 
tion  in  tracing  the  course  of  metabolism  over  short  periods, 
and  in  studying  the  metabolism  of  work  production. 

The  various  experimental  methods  just  described  have  been 
used  for  studying  the  metabolic  activities  of  the  animal,  for 
measuring  the  nutritive  values  of  feeding  stuffs  in  energy, 
and  other  units,  and  for  determining  the  nutritive  require¬ 
ments  of  animals.  In  this  country  nutritive  values  and 
nutritive  requirements  are  usually  expressed  in  terms  of 
“  starch  equivalent  ”.  Another  mode  of  expression  is  in 
Calories  of  “  nett  energy 

Starch  Equivalent.  A  “  maintenance  ration  ”  is  one 
upon  which  an  animal  will  be  in  carbon  and  nitrogen  equi¬ 
librium  so  that  its  body  weight  remains  constant.  If,  now, 
to  such  a  ration  an  addition  of  food  is  made,  the  animal 
will  be  in  positive  carbon  and  nitrogen  balance  and  will  store 
fat  and  protein. 

Kellner  conducted  many  balance  experiments  with  bullocks 
in  which  diets  of  known  digestibility  were  fed,  and  adjusted 
so  that  the  animals  were  as  nearly  in  carbon  and  nitrogen 
equilibrium  as  possible,  and  corrections  made  for  the  slight 
positive  or  negative  balances  of  carbon  and  nitrogen.  To 
such  maintenance  rations,  additions  of  pure  starch,  sugar, 
cellulose,  fats  of  various  origins,  and  proteins  were  made! 
and  in  each  case  a  balance  experiment  carried  out.  The  non- 
mtrogenous  nutrients  gave  positive  carbon  balances  which 
were  computed  as  gains  of  fat.  The  proteins  gave  positive 
carbon  and  nitrogen  balances  which  were  calculated  as  gains 
of  fat  and  protein,  the  protein  gain  being  recalculated  to 
terms  of  fat  on  the  basis  of  its  energy  content.  Thus  the 
effect  of  the  pure  nutrients  when  fed  to  bullocks  in  store 


270 


ANIMAL  NUTRITION 


condition  along  with  a  maintenance  ration  was  expressed  in 
terms  of  fat-producing  power.  Kellner  established  that  the 
fat-forming  power  of  the  nutrients  when  fed  in  the  pure 
finely  divided  state  to  bullocks,  along  with  a  maintenance 
ration,  is  as  follows : 


Table  24 

Per  lb.  of  protein  . 

Per  lb.  of  carbohydrate  . 

Per  lb.  of  fat  from  coarse  fodders 
Per  lb.  of  fat  from  cereals 
Per  lb.  of  fat  from  oil  seeds  . 


0-235  lb.  of  fat 
0-25  lb.  of  fat 
0-474  lb.  of  fat 
0-525  lb.  of  fat 
0-600  lb.  of  fat 


If,  now,  the  percentages  of  digestible  nutrients  in  a  feeding- 
stuff  are  multiplied  by  the  above  factors  and  the  results 
summed,  a  measure  of  the  nutritive  value  in  terms  of  fat- 
forming  power  per  cent  is  obtained.  Thus  for  linseed  cake : 


Per  cent 

Digestible  protein  .  .  .  .  24  X  0-235  =  5-64 

Digestible  oil  .  .  .  .  .  8-7  X  0-600  =  5-22 

Digestible  carbohydrate  and  fibre  .  33  X  0-25  =  8-25 


19-11 


The  figure  19-11  is  based  upon  factors  derived  from  experi¬ 
ments  with  pure  nutrients  and  may  be  called  the  calculated 
fat-producing  power.  Kellner  conducted  many  balance 
experiments  in  which  measured  quantities  of  food,  of  known 
composition  and  digestibility,  were  fed  in  conjunction  with 
a  maintenance  ration,  and  found  that  the  experimentally 
determined  fat-forming  power  fell  short  of  the  calculated 
value  in  most  cases.  This  discrepancy  is  due  to  the  fact  that 
the  animal  must  expend  energy  in  dealing  with  the  indigestible 
part  of  the  food.  Moreover,  the  discrepancy  between  the 
two  values  varied  with  the  fibre  content  of  the  food  concerned, 
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and  Kellner  was  able  to  establish  a  relationship  between  the 
fibre  content  of  the  feeding-stuff  and  the  extent  to  which  the 
digestible  nutrients  would  function  as  though  they  were  in 
the  pure  condition.  He  assigned  to  each  feeding-stuff  a 
“value  number”  (F)  which  gives  the  percentage  of  the 
calculated  fat-producing  power  which  will  actually  be  mani¬ 
fested  in  practice.  Thus,  for  linseed  cake  F  is  97,  and  the 
fat-forming  power  per  cent  will  not  be  19-11  but 


19-11  x  97 
100 


18-54 


Kellner  proposed  that  this  method  should  be  used  to  express 
the  nutritive  value  of  feeding-stuffs  and  that  starch  should 
be  used  as  a  standard  for  comparison.  Thus,  since  1  lb.  of 
starch  is  equivalent  to  0-25  lb.  of  fat,  the  above  fat-forming 
value  for  linseed  cake  corresponds  to  a  starch  equivalent  of 
18-54  x  4  =  74-16.  The  starch  equivalent  of  a  feeding-stuff 
may  therefore  be  defined  as  the  number  of  pounds  of  pure 
digestible  starch  equal  in  value  for  fattening  purposes  to 
100  lb.  of  the  feeding-stuff.  It  is  calculated  by  multiplying 
the  percentage  of  digestible  nutrients  in  a  feeding-stuff  by 
the  appropriate  factors  (Table  24),  summing  the  results, 
multiplying  by  4  and  taking  the  percentage  indicated  by  the 
V  number.  Both  starch  equivalents  and  F  numbers  are 
given  for  most  of  the  feeding-stuffs  in  an  appendix  to  Kellner’s 
book,  The  Scientific  Feeding  of  Animals  ”. 

In  the  case  of  the  highly  digestible  concentrated  foods  the 
use  of  the  F  value  gives  results  which  accord  satisfactorily 
with  practice,  but  in  the  case  of  coarse  fodders  of  high  fibre 
content,  where  F  would  be  small,  Kellner  advised  that  the 
starch  equivalent  should  be  calculated  at  full  value,  and  then 
corrected  by  deducting  0-58  for  each  1  per  cent  of  crude  fibre 
present,  or  0-29  if  the  fodder  has  been  chaffed.  For  green 

fodders  a  graduated  deduction  is  made  according  to  the 
following  table  : 
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Deduct  from  the 
starch  equivalent 
calculated  at  full 
value  for  each 
1  per  cent  crude 
fibre. 


0-58 

0-53 

0-48 

0-43 

0-38 

034 

0-29 


for  green  fodders  with  more  than  16  per  cent  crude  fibre 


9 


99 

99 

14 

99 

99 

99 

12 

99 

99 

99 

10 

99 

99 

99 

8 

99 

99 

99 

6 

99 

99 

99 

4 

99 

99 

The  energy  value  of  1  lb.  of  animal  fat  is  4,284  Cals.,  so 
that  1  lb.  of  starch  equivalent  has  an  energy  value  of  1,071  Cals. 
(4  lb.  of  starch  =  1  lb.  of  fat).  In  milk  production  and  with 
non-ruminants,  however,  1  lb.  of  starch  equivalent  has  been 
shown  to  have  an  energy  value  higher  than  1,071  Cals. 
Strictly  speaking,  therefore,  the  Kellner  starch  equivalent 
measures  the  fattening  value  of  a  food  when  fed  to  a  ruminant 
in  store  condition  and  in  conjunction  with  a  maintenance 
ration,  but  it  has  been  successfully  applied  in  practice  to 
other  forms  of  production,  including  milk  and  work  production, 
and  growth,  as  well  as  fattening.  In  the  case  of  coarse  fodders 
their  value  for  maintenance  purposes  may  be  compared  on 
the  basis  of  the  energy-yielding  capacity  of  their  digestible 
nutrients. 

Maintenance  Starch  Equivalent.  The  heats  of  com¬ 
bustion  of  the  proteins,  fats  and  carbohydrates  in  Calories 
per  gramme  are  5*8,  9*3  and  4*1  respectively.  In  assessing 
the  energy  value  to  the  animal  of  the  digestible  nutrients 
in  a  food,  these  figures  need  correction.  When  proteins  are 
burned  in  the  body  some  of  their  energy  is  voided  unexploited 
as  urea  in  the  urine.  Moreover,  digestible  ether  extract 
contains  some  fatty  constituents  of  lower  energy  value  than 
the  fats  and  oils.  Further,  ruminants  lose  some  of  the  energy 
of  digestible  carbohydrate  as  methane.  The  corrected  figures 
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expressing  what  may  be  termed  the  heat  value  to  the  animal 
of  the  digestible  nutrients  are  therefore  as  follows  : 


Cals./gm.  Cals.  /lb. 

Digestible  protein  .  .4-7  2,133 

Digestible  oil  and  fat  .  8*8  4,000 

Digestible  carbohydrate  .  3-76  1,707 


If  the  heat  value  of  carbohydrate  be  regarded  as  1*0,  then 
that  of  protein  will  be  1-25  and  that  of  fat  2-3.  Using  these 
factors,  a  carbohydrate  equivalent  can  be  calculated  for  any 
feeding-stuff.^  Thus  for  meadow  hay  of  medium  quality  : 

Per  cent 

Digestible  protein  ....  3-8  X  1-25  =  4-75 

Digestible  fat  .  .  .  .  .  10  X  2-3  =  2-3 

Digestible  carbohydrate  and  fibre  .  40-5  x  1*0  =  40-5 

47-55 


This  figure,  47-5,  is  the  maintenance  starch  equivalent  of 
medium  meadow  hay.  It  is  an  expression  of  the  energy- 
yielding  capacity  of  the  digestible  nutrients  in  100  parts  of 
the  hay  in  terms  of  starch.  It  is,  in  effect,  the  metabolizable 
energy  value  expressed  as  starch  instead  of  in  Calories. 

Net  Energy  Values.  An  animal  which  is  fasting  provides 
the  energy  necessary  for  the  maintenance  of  its  life  processes 
by  catabolizing  its  body  tissues.  If  it  is  now  given  food,  the 
tissue  catabolism  is  reduced  by  an  amount  equal  to  the 
energy  value  of  the  food,  and  if  a  sufficient  amount  of  food 
is  given  the  tissue  catabolism  is  reduced  to  zero.  Obviously, 
then,  the  energy  value  of  a  food  is  measured  by  the  extent 
to  which  it  diminishes  the  loss  which  the  body  would  other¬ 
wise  suffer. 

This  idea  was  used  by  Armsby  et  alii  in  determining  the 
nutritive  values  of  foods. 

A  bullock  was  fed  upon  two  different  sub -maintenance 
rations  of  hay  of  known  metabolizable  energy  value.  The 
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heat  production  was  in  each  case  measured  in  the  respiration 
calorimeter.  The  results  were  : 

Table  26 


Ration  lb.  of  Dry 
Matter. 

Metabolizable 

Energy. 

Heat 

Production. 

Tissue 

Catabolism. 

Cals. 

Cals. 

Cals. 

617 

5,768 

8,064 

2,296 

10-21 

9,544 

9,812 

268 

Differences  4-04 

3,776 

1,748 

2,028 

Per  lb. 

935 

433 

502 

In  each  case  the  heat  production  was  greater  than  the 
metabolizable  energy  provided,  and  the  difference  between 
these  two  represents  the  tissue  catabolism.  The  tissue  cata¬ 
bolism  on  the  second  ration  was  2,028  Cals,  less  than  on  the 
first,  so  that  the  4-04  lb.  of  dry  matter  by  which  the  second 
ration  exceeded  the  first,  must  have  supplied  2,028  Cals, 
which  the  animal  could  use  for  maintenance  purposes,  or 
501*98  Cals,  (in  round  numbers  502)  per  lb.  This  figure 
measures  the  energy  value  per  lb.  of  dry  matter  of  the  food 
for  maintenance  and  Armsby  called  it  the  Net  Energy  Value. 

The  figures  also  show  that  the  feeding  of  an  additional 
4*04  lb.  of  dry  matter  increased  the  heat  production  by 
1,748  Cals,  (or  by  433  Cals,  per  lb.).  This  figure  has  been 
called  the  Heat  Increment  and  is  representative  of  the  work 
of  digestion  and  the  general  energy  cost  of  dealing  with  the 
food.  It  takes  no  part  in  sparing  tissue  catabolism.  It  is 
included  in  the  metabolizable  energy  of  the  food. 

Metabolizable  energy  —  Heat  increment  =  Net  energy 

The  net  energy  values  of  concentrates  may  be  determined 
by  the  same  method,  a  basal  ration  being  fed  in  the  first 
period  and  an  addition  of  the  concentrate  made  in  the  second. 
The  net  energy  value  obtained  will  then  be  that  of  the  concen¬ 
trate  fed  in  conjunction  with  the  basal  ration. 
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Net  energy  values  are  not  constant  for  all  animals  and  all 
purposes.  They  vary  with  the  animal  consuming  the  food, 
and  the  values  for  maintenance,  growth,  milk  production,  etc., 
may  differ. 

Nor  are  they  constant  at  all  planes  of  nutrition.  Animals 
receiving  small  quantities  of  food  (i.e.  near  to  the  fasting 
level)  make  more  efficient  use  of  the  metabolizable  energy 
than  at  a  heavy  production  level,  when  the  food  supply  is 
liberal.  Recent  experiments  by  Forbes  at  Pennsylvania  and 
by  Wiegner  at  Zurich  have  clearly  shown  that  the  efficiency 
of  a  food  (i.e.  the  ratio  of  net  to  metabolizable  energy)  is 
not  constant  at  all  levels  of  nutrition,  but  that  the  plane  of 
nutrition  determines  the  efficiency.  Both  Armsby  and  Kellner 
were  at  pains  to  show  that  their  two  systems  of  evaluation 
were  equivalent  to  each  other  and  indeed  within  the  region 
within  which  they  worked  (i.e.  just  below  and  just  above  the 
maintenance  level)  the  variation  is  least. 

For  practical  purposes,  however,  the  Armsby  net  energy 
value  and  the  Kellner  starch  equivalent  may  be  regarded  as 
equivalent  to  one  another,  and  the  one  may  be  transformed 
into  the  other  by  the  use  of  the  factor  1,071,  which  is  the 
number  of  Cals.  6f  net  energy  in  1  lb.  of  starch  or  starch 
equivalent. 

Net  energy  values  for  a  large  number  of  feeding  stuffs  are 
tabulated  in  Armsby ’s  book,  “  The  Nutrition  of  Farm 
Animals  ”. 


THE  NUTRITIVE  REQUIREMENTS 
OF  ANIMALS 

Nutritive  requirements  are  usually  stated  in  terms  of 
starch  equivalent  or  net  energy  and  are  related  to  the  animal’s 
live  weight  or  to  the  quantity  of  product  (milk,  live- weight 
increase)  which  it  is  expected  to  produce.  The  protein 
requirement  is  stated  also,  since  it  is  possible  to  compound 
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different  rations  supplying  the  same  amounts  of  energy  but 
different  amounts  of  protein.  A  complete  statement  of 
nutritive  requirements  would  include  mineral  substances  and 
vitamins. 

The  food  fed  must  satisfy  the  animal’s  needs  for  both 
maintenance  and  production,  and  nutritive  requirements  are 
frequently  stated  separately  under  these  two  headings.  They 
may,  however,  be  stated  as  a  single  figure  including  both 
maintenance  and  production. 

Energy  Requirements.  Maintenance  means  the  preser¬ 
vation  of  the  stock  of  matter  in  the  body  and  a  maintenance 
ration  must  provide  the  energy  necessary  for  the  various  vital 
processes  and  for  minimum  muscular  movement  associated 
with  the  animal’s  daily  life. 

Carbon  nitrogen  and  energy  balance  experiments  have 
provided  the  means  of  measuring  maintenance  requirement. 
Kellner’s  balance  experiments  enabled  him  to  state  mainten¬ 
ance  requirements  in  terms  of  starch  equivalent.  The  ration 
fed  was  adjusted  so  that  the  animal  was  as  near  to  carbon 
and  nitrogen  equilibrium  as  possible  and  corrections  made 
for  the  slight  gains  or  losses  of  fat  and  protein. 

Knowing  the  digestible  nutrient  content  of  the  ration  which 
would  secure  carbon  and  nitrogen  equilibrium,  the  mainten¬ 
ance  requirements  could  then  be  stated  in  terms  of  either 
energy  or  starch  equivalent. 

Armsby  calculated  the  maintenance  requirement  of  bullocks 
by  computing  the  fasting  catabolism.  Table  26  gives  the 
results  of  an  experiment  in  which  a  bullock  was  fed  two 
different  sub-maintenance  rations.  On  the  lower  ration  of 
6*17  lb.  of  hay  dry  matter  which  supplied  5,768  Cals,  of 
metabolizable  energy  the  heat  production  was  8,064  Cals. 
Each  pound  of  food  dry  matter  caused  the  heat  production 
to  increase  by  433  Cals,  (heat  increment).  It  follows,  there¬ 
fore,  that  the  withdrawal  of  each  pound  of  food  dry  matter 
would  decrease  the  heat  production  by  433  Cals.  If,  there- 
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fore,  the  6-17  lb.  of  food  dry  matter  were  withdrawn,  and  the 
animal  were  fasting,  the  heat  production  would  be 
8,064  -  (6-17  x  433)  =  5,392  Cals. 

Another  method  of  computation  is  as  follows.  Each  pound 
of  dry  matter  fed  decreased  the  loss  of  energy  from  the  body 
by  502  Cals.  The  ration  of  10-21  lb.  still  permitted  a  loss 
of  268  Cals.,  and  to  reduce  this  loss  to  zero  would  require 
268 

an  additional  =  0-53  lb.  Thus  an  exact  maintenance 

ration  would  consist  of  10-21  -f  0-53  =  10-74  lb.  of  the  hay 
dry  matter,  or  10-74  x  502  =  5,392  Cals,  of  net  energy. 

Armsby’s  maintenance  requirements  were  therefore  com¬ 
puted  and  not  directly  determined  values.  Both  his  net 
energy  values  and  his  estimates  of  maintenance  requirement 
have  since  been  revised  and  corrected  by  Forbes  and  his 
co-workers  in  the  light  of  more  extended  knowledge  and 
improved  experimental  technique. 

Another  method  of  determining  the  maintenance  require¬ 
ment  is  to  measure  the  animal’s  heat  production  when  resting 
and  in  a  post-absorptive  condition,  i.e.  when  fasting  and 
after  the  effects  of  the  last  meal  have  ceased  and  food  residues 
passed  out  of  the  alimentary  tract.  Two  to  three  days  of 
fasting  are  necessary  to  achieve  this  condition  with  ruminants  ; 
shorter  periods  with  other  animals.  W ood  measured  the 
heat  production  of  the  pig  when  the  animal  was  fasting  and 
in  deep  sleep,  in  the  Cambridge  calorimeter,  and  found  it  to 
be  at  the  rate  of  2,300  Cals,  per  day  for  a  large  white  hog 
of  300  lb.  live  weight.  This  value  is  known  as  the  Basal 
Metabolism  of  the  animal  and  is  a  measure  of  the  animal’s 
maintenance  requirement  apart  from  the  energy  expended  in 
daily  muscular  movement.  The  fact  that  the  calorimeter 
used  records  the  rate  of  heat  production  continuously,  enabled 
Wood  to  estimate  the  requirement  for  daily  muscular  activity 
as  300  Cals,  per  day,  so  that  the  maintenance  requirement 
for  this  animal  was  2,600  Cals,  net  energy  per  day. 
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Determination  of  maintenance  requirement  or  basal  meta¬ 
bolism,  such  as  have  been  described,  naturally  refers  to  the 
animal  used  in  the  determination,  and  it  has  long  been  known, 
that  basal  metabolism  is  not  directly  proportional  to  body- 
weight.  The  basal  metabolism  per  unit  body-weight  of  small 
animals  is  greater  than  that  for  large  ones.  For  some  time 
it  has  been  assumed  that  basal  metabolism  is  proportional 
to  the  surface  area  of  the  body,  which,  although  difficult  to 
measure,  can  be  calculated  with  the  aid  of  the  Meeh  formula  : 

S  =  KWi 

where  S  is  the  surface  area  in  square  metres,  W  the  weight 
in  pounds  and  K  a  constant,  which  for  farm  animals  is  0-0531. 
Thus,  knowing  the  basal  metabolism  and  live  weight  of  one 
animal,  the  basal  metabolism  of  another  animal  of  a  different 
live  weight  can  be  calculated.  There  are,  however,  many 
exceptions  to  this  “  surface  law  ”,  and  recent  investigations 
of  the  energy  metabolism  of  cattle,  by  Brody  and  by  others, 
have  shown  that  the  constancy  of  the  relationship  between 
basal  metabolism  and  surface  area  cannot  be  supported.  It 
is,  therefore,  thought  better  to  relate  basal  metabolism 
directly  to  body-weight  and  the  formula  proposed  by  Brody  is 

Q  =  39-5JF0  73 

where  Q  is  in  Calories  of  heat  production  per  day  and  W  in 
pounds.  This  enables  the  basal  metabolism  of  an  animal  of 
known  live  weight  to  be  calculated  and  an  addition  may  be 
made  to  provide  for  daily  muscular  activity  and  the  mainten¬ 
ance  requirement  so  arrived  at. 

For  production  of  live-weight  increase  (growth  and  fatten¬ 
ing)  and  of  milk,  the  animal  must  be  fed  an  adequate  amount 
of  food  in  excess  of  its  maintenance  requirement.  Determina¬ 
tions  of  the  composition  of  the  live-weight  increase  made  in 
growth  and  fattening,  and  of  the  composition  of  milk,  together 
with  the  results  of  balance  experiments  and  feeding  trials,  have 
enabled  estimates  of  the  energy  requirements  to  be  made. 
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As  regards  growth  and  fattening,  the  energy  requirement 
for  the  production  of  unit  live-weight  increase  will  increase 
as  the  animal  matures.  The  live-weight  gain  made  by  a 
growing  animal  contains  less  water  and  more  dry  matter  as 
the  animal  gets  older,  and  the  dry  matter  contains  an  increas¬ 
ing  proportion  of  fat.  In  the  early  stages  of  fattening  also 
the  water  and  protein  content  of  the  live-weight  gain  are 
greater  than  towards  the  end  of  the  fattening  period  when  the 
gain  made  consists  largely  of  fat.  Thus  as  growth  proceeds 
or  as  the  fattening  period  advances,  the  energy  requirement 
per  pound  of  live- weight  gain  will  increase.  For  example, 
the  requirements  per  pound  of  live-weight  increase  for  fatten¬ 
ing  cattle  varies  from  2  lb.  of  starch  equivalent  for  animals 
under  2  years  of  age,  to  4  lb.  of  starch  equivalent  for  fat 
animals  over  2  years  of  age. 

In  the  case  of  milk  production  also,  the  energy  requirement 
will  vary  with  the  composition  of  the  milk.  As  the  fat 
content  of  the  milk  increases,  so  will  the  energy  requirement 
increase.  The  accepted  requirement  for  production  of  1  gallon 
of  milk  of  average  (3*7-3*8  per  cent)  fat  content  is  2-5  lb. 
starch  equivalent.  For  milk  containing  5-0  per  cent  of  fat, 
however,  the  requirement  would  be  3  lb.  of  starch  equivalent. 

Protein  Requirements.  The  protein  required  for  main¬ 
tenance  is  that  used  to  replace  protein  broken  down  in  the 
normal  wear  and  tear  ”  of  the  tissues  and  is  measured  by 
the  endogenous  protein  catabolism  (p.  229).  It  may  be 
assumed  to  be  proportional  to  body-weight  and  is  fairly 
constant  per  unit  body-weight  for  the  various  classes  of  farm 
animals,  amounting  to  between  0-2  and  0-3  lb.  of  protein 
per  1,000  lb.  live  weight. 

The  figure  obtained  by  determining  the  endogenous  nitrogen 
loss  and  calculating  to  terms  of  protein,  however,  is  the 
minimum  protein  requirement  for  maintenance.  To  feed  this 
mmimum  amount  only  would  not  supply  the  animal  with  a 
sufficiency  of  protein  unless  the  biological  value  of  the  food 
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protein  were  100.  None  of  the  food  proteins  in  practice 
have  a  biological  value  of  100,  and  in  formulating  protein 
requirements  for  maintenance,  an  excess  over  the  minimum 
requirement  must  therefore  be  allowed.  Brody  has  suggested 
that  the  maintenance  protein  requirement  should  be  regarded 
as  four  times  the  endogenous  protein  catabolism  and  has 
devised  a  formula  for  calculating  it  (p.  230). 

Allowance  has  been  made  in  current  feeding  standards  for 
the  varying  biological  values  of  food  proteins,  by  allowing 
two  or  three  times  the  minimum  requirement. 

For  production  purposes  the  protein  requirement  will  vary 
with  the  nature  of  the  product.  The  live-weight  increase 
made  by  a  young  growing  animal  may  contain  as  much  as 
20  per  cent  of  protein.  As  growth  proceeds  the  water  content 
will  decrease  and  so  will  the  protein  along  with  an  increase 
in  fat  content.  In  fattening  also  the  protein  content  of  the 
increase  decreases  as  the  animal  gets  fatter.  Thus,  both  in 
growth  and  fattening  the  protein  requirement  is  not  constant 
but  decreases  as  the  period  advances. 

The  protein  content  of  milk  is  not  so  variable  as  that  of 
live- weight  increase.  The  minimum  requirement  is  the  amount 
of  protein  contained  in  the  milk  produced.  For  an  average 
milk  (3-4  per  cent  of  protein)  there  will  be  0*34  lb.  per  gallon, 
but  normally  0-5-0-6  lb.  of  digestible  protein  or  protein 
equivalent  will  be  fed  to  compensate  for  the  fact  that  the 
biological  value  of  the  food  protein  will  be  less  than  100. 
With  increasing  fat  content  the  protein  content  of  the  milk 
will  increase  also,  and  therefore  the  protein  requirement. 
Thus  a  milk  containing  5-0  per  cent  of  fat  will  have  about 
4  per  cent  of  protein.  The  minimum  requirement  for  pro¬ 
duction  of  a  gallon  of  such  milk  will  be  0-4  Id.,  and  in  practice 
0*75  lb.  of  protein  equivalent  will  be  fed. 

Mineral  Requirements.  It  is  very  difficult  to  deter¬ 
mine  the  exact  mineral  requirements  of  animals  for  mainten¬ 
ance  and  production.  The  interpretation  of  the  results  of 
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mineral  balance  experiments  is  complicated  by  the  fact  that 
during  a  period  of  mineral  shortage  animals  reduce  their 
excretion  of  inorganic  elements.  Lactating  animals  receiving 
insufficient  mineral  matter  make  good  the  deficiency  by 
drawing  upon  skeletal  reserves.  Moreover,  the  requirements 
vary  considerably  both  qualitatively  and  quantitatively. 
Fattening  animals  require  little  mineral  matter.  Young 
growing  animals,  on  the  other  hand,  have  a  pronounced 
requirement  for  bone-forming  minerals  which,  however, 
diminishes  towards  the  end  of  the  growth  period  and  becomes 
dominated  by  the  demand  for  the  inorganic  components  of 
the  soft  tissues. 

A  complete  diet  must  include  all  the  essential  inorganic 
elements  (p.  233).  Fortunately  under  practical  conditions 
many  of  them  will  be  present  in  the  food  in  sufficient  amount, 
and  it  is  normally  assumed  that  the  requirements  for  elements 
other  tjhan  Ca,  P,  Na,  01,  and  sometimes  also  Fe,  Cu  and  12,  are 
covered  by  ordinary  average  rations. 

Determination  of  the  mineral  composition  of  bone,  of  the 
live-weight  increase  made  in  growth  and  fattening,  and  of 
milk  have  enabled  estimates  of  mineral  requirements  to  be 
made.  Such  estimated  mineral  requirements  usually  assume 
that  one-third  to  one-half  of  the  mineral  matter  in  the  food 
will  be  available  to  the  animal,  two  to  three  times  the  amount 
present  in  the  milk  or  live-weight  increase  being  fed  to  the 
animal. 

Where  the  food  is  known  to  be  dencient  in  mineral  matter, 
the  deficiency  may  be  made  good  by  the  use  of  a  mineral 
supplement,  though  it  should  be  realized  that  such  supple¬ 
ments  will  do  nothing  to  stimulate  production  above  the 
normal  level.  In  general,  the  necessity  for  supplementing 
will  arise  where  animals  are  kept  intensively,  with  animals 
grazing  poor  pasture,  with  dairy  cows  under  winter  conditions, 
and  when  a  cereal  diet  with  a  vegetable  protein  supplement 
is  fed,  and  green  food  and  milk  by-products  are  unavailable. 
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A  general  mineral  supplement  to  suit  all  purposes  is  impossible. 
The  nature  of  the  mineral  mixture  must  depend  upon  the 
animal’s  requirement  and  the  kind  and  amount  of  mineral 
matter  present  in  its  food.  Various  mineral  mixtures  have 
been  found  to  give  satisfactory  results  in  practice.  For 
example,  a  mixture  of  2  parts  of  ground  chalk,  1  part  of 
sterilized  steamed  bone  flour  and  1  part  of  common  salt  at 
the  rate  of  3  lb.  per  cwt.  of  meal  fed  is  suitable  for  pigs  on 
a  cereal  diet  with  a  vegetable  protein  supplement.  For  cows 
a  mixture  of  equal  parts  of  ground  chalk,  steamed  bone  flour 
and  common  salt  added  to  the  production  ration  at  the  rate 
of  3  lb.  per  cwt.  is  often  recommended. 

Feeding  Standards.  Statements  of  nutritive  require¬ 
ments  for  maintenance  and  various  forms  of  production  are 
called  feeding  standards  and  are  used  in  conjunction  with 
data  on  the  composition  and  nutritive  value  of  foods  in  com¬ 
pounding  rations  for  farm  live-stock. 

The  earliest  attempt  at  formulating  feeding  standards  was 
made  by  Thaer  in  1809.  Thaer  stated  nutritive  values  and 
nutritive  requirements  in  terms  of  “  hay  equivalent  ”,  which 
may  be  defined  as  the  amount  of  food  equivalent  in  nutritive 
value  to  100  lb.  of  hay.  Subsequently,  after  attention  had 
been  drawn  to  the  importance  of  protein  in  the  food,  Thaer’s 
hay  equivalents  were  recalculated  on  a  protein  basis,  and  in 
1859,  after  chemical  analysis  had  come  to  be  applied  to 
feeding-stuffs,  Grouven  in  Germany  published  standards  for 
feeding  farm  animals  stated  in  terms  of  the  crude  or  total 
nutrients. 

In  1864  Henneberg  and  Stohmann  drew  a  distinction 
between  crude  and  digestible  nutrients,  and  from  then  until 
1896  feeding  standards  were  published  annually  on  the 
Continent  by  Wolff,  who  stated  the  food  requirements  in 
terms  of  digestible  nutrients.  These  standards  were  revised 
annually  in  Germany  until  1906  by  Lehmann  and  became 
known  as  the  Wolff-Lehmann  feeding  standards.  It  is  inter- 
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esting  to  note  that  so  far  none  of  the  standards  for  dairy 
cows  recognized  any  relation  between  food  requirement  and 
the  quality  of  the  milk  produced,  and  that  it  was  not  until 
1903  that  this  was  done  by  Haecker  in  the  U.S.A.,  who 
published  standards  relating  nutritive  requirements  to  the 
fat  content  of  the  milk  as  well  as  to  milk  yield.  In  1905 
standards  were  published  by  Kellner  embodying  the  starch 
equivalent  system,  and  subsequently  Armsby  put  forward 
feeding  standards  in  terms  of  Calories  of  net  energy,  both 
stating  the  protein  requirements  in  terms  of  digestible  true 
protein.  The  Armsby  standards  were  widely  used  in  America 
but  have  since  been  largely  superseded  by  standards  in  terms 
of  digestible  protein  and  total  digestible  nutrients 

(T.D.N.)  =  dig.  protein  +  dig.  carbohydrates  and  fibre 

-f  2-3  x  dig.  fat). 

In  Scandinavian  countries  feeding  standards  are  used  in 
which  the  requirements  are  expressed  in  terms  of  food  units, 
one  food  unit  being  equivalent  to  the  nutritive  value  of 
1  kilogramme  of  barley.  This  food-unit  system  is  based 
upon  the  results  of  practical  co-operative  feeding  experiments 
originally  designed  to  establish  the  comparative  values  of 
feeding-stuffs  for  milk  production. 

In  this  country  the  starch  equivalent  system  has  been 
used  in  formulating  feeding  standards  and  the  requirements 
are  usually  stated  in  terms  of  dry  matter,  digestible  protein, 
or  protein  equivalent  and  starch  equivalent.  Statement  of 
the  dry-matter  requirement  recognizes  that  the  animal’s 
capacity  to  accommodate  food  in  its  alimentary  canal  is 
limited,  although  the  dry-matter  content  of  a  food  is  not 
necessarily  a  true  representation  of  its  bulk.  The  protein 
requirement  may  be  expressed  as  digestible  true  protein, 
which  neglects  the  value  of  the  non-protein  nitrogen,  or  as 
digestible  crude  protein,  which  regards  non-protein  nitrogen 
as  being  equally  as  valuable  as  protein  nitrogen,  or  as  protein 


284  ANIMAL  NUTRITION 

equivalent,  which  assigns  to  the  non-protein  nitrogen  half  the 
value  which  it  would  have  if  it  were  protein.  The  energy 
requirement  is  expressed  in  terms  of  starch  equivalent,  which 
is  inclusive  of  the  protein  in  the  food. 

Sometimes,  for  example  in  pig  feeding,  the  standards  are 
stated  in  terms  of  pounds  of  meal,  the  foods  commonly  used 
being  similar  in  character  and  not  widely  different  in  starch 
equivalent.  The  protein  requirement  is  then  either  stated 
separately,  or  alternatively  the  correct  ratio  between  protein 
and  starch  equivalent  is  ensured  by  specifying  that  the  ration 
shall  have  a  certain  “  nutritive  ratio  ”.  This  latter  figure 
expresses  the  ratio  between  the  digestible  protein  and  non¬ 
protein  constituents  of  the  ration  and  is  calculated  thus  : 

Nutritive  ratio 

(Dig.  oil  X  2-3)  -f-  (Dig.  carbohydrate  and  fibre) 

Dig.  protein 

It  will,  of  course,  vary  according  as  digestible  crude  or  true  pro¬ 
tein  or  protein  equivalent  is  used  as  a  measure  of  protein  value. 

English  feeding  standards  are  to  be  found  in  “  Bulletin  48  ’ 
of  the  Ministry  of  Agriculture  and  in  “  Report  of  the  Depart¬ 
mental  Committee  on  Rationing  of  Dairy  Cows  ”,  both 
published  by  His  Majesty’s  Stationery  Office,  and  in  many 
textbooks  on  animal  nutrition  and  stockfeeding.  They  are 
revised  from  time  to  time  as  newer  knowledge  of  nutritive 
requirements  becomes  available. 

It  should  be  pointed  out  that  feeding  standards  are  intended 
as  general  guides  to  feeding  practice  and  that  pedantic 
accuracy  in  translating  them  into  terms  of  actual  food  is 
pointless.  They  normally  state  the  dry  matter,  energy,  and 
protein  requirements  of  the  animal  but  neglect  entirely  the 
mineral  and  vitamin  requirements,  protein  biological  value, 
and  also  the  economic  side  of  the  question.  These  latter  can, 
however,  be  largely  covered  by  careful  selection  of  the 

feeding-stuffs  used. 
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Grassland  Herbage.  Grass  is  the  natural  food  for  farm 
animals  and  its  composition  and  nutritive  value  depend  upon 
a  variety  of  factors,  the  chief  of  which  is  maturity. 

It  was  shown  by  Woodman  that  young,  short,  leafy  pasture 
grass,  kept  short  by  grazing  or  cutting,  is  very  high  in  protein, 
and  this  high-protein  content  persists  throughout  the  season 
and  is  largely  independent  of  botanical  composition.  The 
dry  matter  of  such  grass  is  comparable  in  nutritive  value 
with  linseed  cake. 

If,  however,  the  herbage  is  allowed  to  grow  on  unchecked, 
then  with  increasing  age  $nd  maturity  the  digestibility  and 
nutritive  value  are  depressed.  This  is  largely  due  to  altera¬ 
tion  in  the  character  of  the  crude  fibre,  which  in  the  young 
plant  consists  chiefly  of  easily-digestible  cellulose.  As  growth 
proceeds,  however, .  the  ratio  of  stem  to  leaf  increases,  the 
stems  become  more  woody,  and  indigestible  lignin  is  laid 
down  in  the  cell-walls  along  with  the  cellulose.  Thus  the 
fibre  of  the  young  plants  is  more  digestible  than  that  of  the 
old.  Moreover,  the  cell  walls  of  young  plants  are  easily 
disintegrated  by  digestion,  thus  releasing  cell  contents  for 
subsequent  digestion.  But  mature  lignified  cell-walls  resist 
digestion  and  the  nutrients  within  such  cells  may,  therefore, 
be  unavailable  to  the  animal.  Further,  the  mineral,  vitamin 
and  carotene  contents  of  grass  are  depressed  with  advancing 
growth. 

Stage  of  growth,  though  not  the  only  factor  involved,  is 
therefore  highly  important  in  determining  the  nutritive  value 
of  grass,  and  its  effect  is  reflected  in  the  capacity  of  the  grass 
to  meet  the  nutritive  requirements  of  the  grazing  animal. 
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The  optimum  stage  oi  growth  for  grazing  seems  to  be  when 
the  grass  is  about  4  inches  high.  This  corresponds  with 
between  three  and  five  weeks'  growth,  though  variations  in 
weather  conditions  will  introduce  variations  here.  Methods 
to  achieve  this  type  of  grazing  are  questions  of  pasture 
management. 

Grassland  Products.  The  nutritive  value  of  grassland 
products  such  as  hay,  dried  grass  and  grass  silage  will  also 
largely  depend  upon  the  maturity  of  the  grass  when  cut. 
For  maximum  nutritive  value  early  cutting  of  grass  for  hay 
is  essential.  Haymaking  always  involves  losses  due  to  respira¬ 
tion,  loss  of  leaves,  fermentation  in  the  stack,  etc.,  and  these 
losses  do  not  appreciably  involve  the  fibre.  Thus  the  high 
content  of  fibre  of  low  digestibility  in  the  mature  grass  is 
accentuated  in  the  hay  made  from  it,  the  dry  matter  of  the 
hay  having  a  higher  fibre  content  than  that  of  the  grass  from 
which  it  is  made. 

Dried  grass  and  silage  made  from  young,  short,  leafy  herbage 
will  have  the  character  of  a  protein  concentrate  and  can  be 
used  for  production  purposes.  Such  dried  grass  may  contain 
17  per  cent  or  more  of  crude  protein  and  4  to  6  lb.  of  it  will 
meet  the  requirements  for  production  of  a  gallon  of  milk. 
But  as  the  grass  matures,  the  dried  grass  made  from  it  will 
deteriorate  in  nutritive  value  and  become  unsuitable  for 
production.  Similarly  silage  made  from  young  leafy  herbage 
will  contain  15  per  cent  or  more  of  crude  protein  in  its  dry 
matter  and  about  20  lb.  of  it  will  suffice  for  production  of 
a  gallon  of  milk.  Silage  made  from  more  mature  herbage 
is  suitable  only  for  maintenance  purposes. 

Apart  from  pasture  herbage  the  feeding-stuffs  may  be 

classified  into  three  groups  : 

1.  Concentrated  feeding-stuffs. 

2.  Coarse  fodders  or  roughages. 

3.  Roots,  green  foods  and  other  succulents. 
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1.  Concentrated  Feeding  Stuffs.  These,  compared  with 
other  foods,  contain  a  relatively  high  proportion  of  nutrients 
and  are  widely  used  for  production  purposes.  They  are  of 
both  animal  and  vegetable  origin. 

Those  of  animal  origin  include  slaughter-house  by-products, 
such  as  dried  blood,  meat  meal,  and  meat  and  bone  meal, 
by-products  of  the  fishing  and  whaling  industry,  such  as  fish 
meal  and  whale-meat  flakes,  and  various  dairy  by-products. 
They  are  high  in  protein  of  high  digestibility,  and  are  not 
fibrous,  and  some  of  them  (e.g.  fish  meal,  meat  and  bone  meal 
and  the  dairy  by-products)  are  potent  sources  of  calcium 
and  phosphorus. 

Those  concentrates  made  from  residues  from  animal  car¬ 
casses  are  produced  by  removing  the  fat  either  by  “  dry 
rendering  ”  (which  consists  in  treatment  with  steam  in  closed 
containers,  the  fat  being  withdrawn  from  the  surface  of  the 
condensed  water)  or  by  extraction  of  the  fat  with  a  suitable 
solvent.  The  residue  is  dried,  freed  from  solvent  and  ground. 
Dried  blood  is  made  by  drying  and  grinding  coagulated  blood. 
White-fish  meal  is  best  made  by  solvent  extraction  of  the 
oil  from  white  fish  under  vacuum  at  a  low  temperature,  the 
residue  being  freed  from  solvent  and  ground.  These  foods 
are  used  as  sources  of  protein  for  cows,  pigs  and  poultry  and 
are  particularly  valuable  for  young  growing  animals. 

The  dairy  by-products,  which  result  from  the  manufacture 
of  butter  and  cheese  or  from  separation  of  cream,  are  either 
used  as  such,  containing  more  than  90  per  cent  of  water,  or 
are  concentrated  to  varying  degrees  by  evaporation.  They 
contain  valuable  highly  digestible  protein  and  valuable  mineral 
matter  and  are  used  mainly  for  young  pigs,  calves  and  chickens. 

Concentrated  foods  of  animal  origin  are  mainly  protein 
concentrates  and  are  used  primarily  as  sources  of  protein. 

The  protein  concentrates  of  vegetable  origin  usually  contain 
not  more  than  15  per  cent  of  water  and  include  home-grown 
foods  such  as  peas  and  beans,  brewery  and  distillery  by- 
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products  such,  as  dried  brewers  and  distillers’  grains,  and 
dried  yeast,  cereal  milling  offals  such  as  bran  and  middlings, 
and  the  oil  cakes  and  meals  which  are  by-products  of  the 
oil-milling  industry.  These  cakes  and  meals  are  produced 
from  imported  oil-bearing  seeds  and  nuts,  by  extraction  of 
the  oil  after  preliminary  crushing  and  sometimes  cooking, 
either  by  pressure  or  by  solvent  extraction.  The  residues  are 
either  ground  into  meal  or  compressed  into  cakes. 

Protein  concentrates  are  usually  fed  along  with  more  fibrous 
foods  which  give  bulk  to  the  ration.  Those  of  high  protein 
content  may  need  “  balancing  ”  by  addition  of  starchy  foods 
in  order  to  ensure  the  correct  ratio  of  protein  equivalent  to 
starch  equivalent  and  to  conform  to  the  animal’s  require¬ 
ments.  Some  of  them,  however,  are  “  balanced  ”  for  milk 
production.  For  example,  dried  brewers’  grains,  palm  kernel 
cake,  bran  and  peas  all  have  a  P.E.  :  S.E.  ratio  approximating 
to  1  :  4,  which  is  the  ratio  of  the  requirements  for  production 
of  1  gallon  of  milk  (0-6  lb.  protein  equivalent  and  2*5  lb. 
starch  equivalent).  Such  foods  therefore  can  be  mixed 
together  in  any  proportion  to  form  a  milk-production  ration. 

Some  of  the  concentrated  foods  have  a  protein  equivalent 
of  less  than  10  but  are  high  in  starch  equivalent.  Such  foods 
are  regarded  as  carbohydrate  concentrates  and  include  the 
cereals.  They  are  used  as  a  source  of  carbohydrate  for 
fattening  purposes  and  also  to  widen  the  P.E.  :  S.E.  ratio  of 
foods  which  are  high  in  protein.  For  example,  cotton-seed 
meal  has  a  P.E.  :  S.E.  ratio  of  1  :  2-1.  The  inclusion  of 
1  part  of  barley  meal  and  1  part  of  maize  meal  with  1  part 
of  cotton-seed  meal  will  give  a  mixture  which  is  balanced 
for  milk  production. 

2.  Roughages  or  Coarse  Fodders.  These  are  bulky 
and  fibrous,  their  fibre  content  ranging  between  20  per  cent 
and  40  per  cent,  and  include  the  hays  and  straws. 

The  composition  and  nutritive  value  of  hay  is  dependent 
upon  the  maturity  of  the  crop  when  cut,  the  degree  of  exposure 
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to  the  weather,  and  the  manner  in  which  the  hay  is  stored. 
As  already  explained,  the  nutritive  value  of  hay  depends 
upon  the  stage  of  growth  at  which  the  crop  is  cut.  As  growth 
proceeds,  the  fibre  content  increases  and  becomes  less  diges¬ 
tible,  and  lignified  cell-walls  lock  up  potentially  digestible 
nutrients.  Thus,  in  general,  the  older  the  crop,  the  lower 
the  nutritive  value  of  the  hay.  Exposure  to  rain  during 
haymaking  may  wash  out  soluble  mineral  matter,  and  heating 
in  the  stack  will  also  exert  adverse  effects. 

The  dry-matter  content  of  hay  is  usually  about  85  per  cent, 
with  a  starch  equivalent  ranging  between  20  and  40,  and  a 
protein  equivalent  between  3  and  12. 

Of  the  straws,  oat  straw  is  the  most  nutritive  and  palatable, 
but  the  best  straw  is  usually  of  lower  nutritive  value  than 
poor  hay.  The  straws  are  low  in  protein  and  high  in  fibre. 
Their  dry-matter  content  is  usually  about  86  per  cent,  the 
range  of  starch  equivalent  being  between  14  to  32  and  of 
protein  equivalent  about  0*1  to  4-0.  The  nutritive  value  of 
straw  can  be  improved  by  “  pulping  ”,  i.e.  by  treatment  with 
caustic-soda  solution. 

Hays  and  straws  are  used  in  the  maintenance  ration,  the 
latter  in  rather  restricted  quantity. 

3.  Roots,  Green  Foods  and  Other  Succulents.  These 
contain  75  per  cent  to  90  per  cent  of  water  and  include  home¬ 
grown  crops  such  as  cabbage,  carrots,  kale,  kohl-rabi,  lucerne, 
mangolds,  potatoes,  rape,  sugar-beet  tops,  turnips  and  vetches. 
Silage  is  usually  included  in  this  group,  though  silages  of  high 
protein  content  are  used  as  protein  concentrates.  Industrial 
by-products  such  as  wet  brewers’  and  distillers’  grains  and 
wet  sugar-beet  pulp  may  also  be  classed  as  succulents. 

With  the  exception  of  the  brewers’  and  distillers’  grains, 
the  foods  in  this  group  usually  contain  less  than  2  per  cent 
of  digestible  protein  and  less  than  1  per  cent  of  digestible 

(continued  on  p.  298). 


Data  on  the  Gross  Composition,  Digestible  Organic  Nutrients,  Inorganic  Substances,  and  Manurial  Ingredients  of 

Farm  Foodstuffs,  together  with  the  derived  figures  summarizing  their  Food  Value 

Most  farm  foods  vary  a  good  deal  in  their  composition.  The  figures  given  here  are  intended  to  represent  the  composition  of  foods  of  average  quality. 
If  the  guaranteed  “  albuminoids  (protein)  ”  of  a  purchased  food  differs  much  from  the  “  crude  protein  ”  given  here,  the  “  protein  equivalent  ”  should 

be  altered  proportionately. 
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Table  27 — continued 

Data  on  the  Gross  Composition ,  Digestible  Organic  Nutrients ,  Inorganic  Substances,  and  Manurial  Ingredients  of 
Farm  Foodstuffs ,  together  with  the  derived  figures  summarizing  their  Food  Value — continued 
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oil.  They  are  primarily  a  source  of  digestible  carbohydrate, 
of  which  they  contain  up  to  20  per  cent. 

Their  starch  equivalents  range  from  5  to  18  and  their 
protein  equivalents  from  0-4  to  6-0. 

They  are  fairly  easily  digestible  and  many  of  them  have 
laxative  properties.  They  are  used  for  all  classes  of  farm 
animals. 

Data  concerning  the  composition  and  nutritive  value  of 
many  of  the  feeding-stuffs  are  given  in  Table  27  (p.  290). 


Chapter  20 

THE  CHEMICAL  CONSTITUENTS  OF  COWS’  MILK 

Milk.  The  most  obvious  property  of  milk  is  its  “  milki- 
ness  ”  or  turbidity. 

This  is  caused  by  the  scattering  of  light  at  the  surfaces 
of  innumerable  tiny  droplets  of  liquid  fat  and  minute  particles 
of  protein  and  calcium  phosphate,  dispersed  in  milk  throughout 
an  aqueous  medium. 

If  these  dispersed  particles  of  fat,  protein  and  calcium 
phosphate  are  removed,  a  colourless  aqueous  liquid  is  left, 
which  contains  lactose,  lactalbumin,  various  electrolytes  and 
minor  crystalloidal  constituents  in  solution. 

Milk  is  therefore  a  system  of  at  least  three  phases. 

1.  An  emulsion  of  liquid-fat  particles  in  an  aqueous  medium. 

2.  A  colloidal  emulsoid  or  hydrophilous  phase,  the  particles 

consisting  of  free  caseinogen,  calcium  caseinogenate 
and  calcium  phosphate. 

3.  A  solution  of  lactose,  lactalbumin,  various  electrolytes 

and  minor  crystalloidal  constituents  in  water. 

Milk  Fat.  The  amount  of  fat  in  cows’  milk  is  exceedingly 
variable.  The  average  fat  content  may  be  taken  as  3*75  per 
cent. 

The  droplets  of  fat  are  spherical,  transparent,  and  visible 
under  the  microscope.  Their  diameter  is  between  1  fi  and 
10  ju,  averaging  about  3  /x  (/*  =  mm-)- 

The  number  and  size  of  the  droplets  varies  from  sample 
to  sample  and  breed  to  breed.  Thus  the  average  diameter 
of  the  fat  globules  of  Jersey  milk  is  3-5  ft,  that  of  Shorthorn 
milk  2-75  and  that  of  Friesian  milk  2-30  ju.  Jersey  milk 
contains  between  2  and  4  x  109  and  Friesian  milk  between 
2  and  6  x  109  droplets  per  millilitre. 
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The  fat  droplets  in  freshly-drawn  cooled  milk-  are  under¬ 
cooled,  the  solidifying-point  being  between  20°  and  25°  0. 
Rapid  cooling  may  cause  the  droplets  to  solidify.  Their 
density  when  liquid  is  0-92,  when  solid  0-93,  and  the  density 
of  the  liquid  in  which  they  are  dispersed  is  about  1-035. 

In  cream  the  droplets  are  bunched  together  in  groups  or 
clusters. 

There  has  been  some  controversy  as  to  the  existence  of  a 
membrane  round  the  droplets.  Their  surface  probably  con¬ 
sists  of  a  layer  of  absorbed  protein  and  is  important  in  imped¬ 
ing  the  coalescence  of  the  droplets. 

Cow-milk  fat  is  a  mixture  of  mixed  triglycerides  (p.  179) 
and,  unlike  other  fats,  contains  combined  in  it  about  4  per  cent 
of  butyric  acid  which  is  volatile  in  steam  and  soluble  in 
water.  Caproic,  caprylic  and  capric  acids,  which  are  steam 
volatile  but  have  a  limited  solubility  in  water,  are  also  present, 
together  with  lauric  and  myristic,  which  are  slightly  steam- 
volatile  insoluble  acids.  In  addition,  palmitic,  stearic  and 
arachidic  acids  are  present,  together  with  the  unsaturated 
oleic  and  linoleic  acids  and  minor  quantities  of  other  un¬ 
saturated  acids. 

Milk  fat  is  characterized  by  several  analytical  constants. 

1.  The  Reichert  Wollney  Value.  This  is  a  measure  of  the 
steam-volatile  soluble  fatty  acids  present  in  the  fat.  It  may 
be  defined  as  the  number  of  millilitres  of  decinormal  alkali 
equivalent  to  the  volatile  soluble  fatty  acids  obtained  from 
5  g.  of  fat  under  specified  conditions.  For  normal  milk  fat, 
or  butterfat  it  varies  between  24  and  32. 

2.  The  Polenske  Value.  This  is  a  measure  of  the  steam- 
volatile  insoluble  fatty  acids.  It  may  be  defined  as  the 
number  of  millilitres  of  decinormal  alkali  equivalent  to  the 
volatile  insoluble  fatty  acids  obtained  from  5  g.  of  fat  under 
specified  conditions,  and  it  normally  varies  between  2-0 

and  3-2. 

3.  The  Kirschner  Value.  This  may  be  taken  as  a  measure 
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of  the  proportion  of  butyric  acid  present.  It  may  be  defined 
as  the  number  of  millilitres  of  decinormal  alkali  equivalent 
to  those  volatile  soluble  fatty  acids  obtained  in  the  Reichert 
Wollney  determination,  which  form  soluble  silver  salts.  It 
normally  varies  between  20  and  26. 

4.  The  Add  Value.  This  measures  the  acidity  of  the  fat 
and  is  the  number  of  milligrammes  of  caustic  potash  equivalent 
to  the  free  acid  in  1  g.  of  fat. 

5  .The  Saponification  Value.  This  may  be  defined  as  the 
number  of  milligrammes  of  caustic  potash  required  to  saponify 
1  g.  of  fat.  It  will  vary  with  the  molecular  weight  of  the 
fatty  acids  combined  in  the  fat.  Fats  derived  from  fatty 
acids  of  low  molecular  weight  will  give  higher  values  than 
those  derived  from  fatty  acids  of  higher  molecular  weights. 
For  normal  milk  fat  the  range  of  variation  is  from  220  to 
228. 

6.  The  Iodine  Value.  This  gives  a  measure  of  the  unsatura¬ 
tion  of  the  butterfat.  It  is  the  percentage  by  weight  of 
iodine  absorbed  by  the  fat  under  specified  conditions,  and 
normally  varies  between  28  and  42. 

Any  variation  of  these  constants  outside  the  normal  range 
is  unusual,  and  their  determination  affords  a  means  of  detect¬ 
ing  adulteration  of  butterfat  with  other  fats.  Details  of  the 
chemical  technique  involved  should  be  sought  in  textbooks 
of  practical  agricultural  or  dairy  chemistry. 

The  fatty  acid  content  and  the  glyceride  structure  of 
butterfat  has  been  extensively  studied  in  this  country  by 
Hilditch  and  his  co-workers,  and  is  discussed  in  “  The  Chemical 
Constitution  of  Natural  Fats  ”,  by  T.  P.  Hilditch,  pp.  93 

and  255,  and  in  the  Journal  of  the  Society  of  Chemical  Industry 
1940,  vol.  59,  p.  138. 

The  Origin  oj  Milk  F at.  The  ultimate  source  of  milk  fat 
is  the  food,  and  although  the  food  has  little  influence  upon 
the  percentage  of  fat  in  the  milk,  yet  the  composition  of  the 
fat  may  be  affected  by  the  nature  of  the  food  fat,  the  influence 
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of  the  food  fat  being  reflected  in  variation  in  the  analytical 
constants  just  discussed. 

Recent  investigation  into  the  origin  of  milk  fat  leaves  little 
doubt  that  the  precursor  of  milk  fat  in  the  mammary  gland 
is  the  neutral  fat  of  the  blood  circulating  through  the  gland. 

Milk  Proteins.  There  are  two  proteins  present  in  appre¬ 
ciable  amount  in  milk,  caseinogen  and  lactalbumin.  A  third, 
lactoglobulin,  is  present  in  traces  in  milk,  but  occurs  in  larger 
amounts  in  colostrum. 

Caseinogen.  The  term  “  casein  ”  is  loosely  used  for  the 
chief  protein  of  milk,  either  in  its  original  or  coagulated  form. 

Technically,  “  casein  ”  is  the  coagulated  precipitate  such 
as  is  the  raw  material  of  cheesemaking.  The  protein  in  its 
native  form  in  milk  is  best  called  caseinogen,  since  it  is  the 
parent  substance  of  casein  proper.  There  is  about  3-0  per  cent 
of  caseinogen  in  cows’  milk. 

Caseinogen  is  a  phosphoprotein  peculiar  to  milk  and  its 
particles  in  milk  are  submicroscopic  in  size,  spongy  and 
hydrated  in  character,  and  contain  calcium  as  caseinogenate 
and  as  phosphate.  It  has  been  suggested  that  the  particles 
are  colloidal  aggregates  of  calcium  caseinogenate  and  calcium 
phosphate. 

Caseinogen  is  amphoteric  and  will  form  soluble  salts  with 
both  acids  and  bases.  Its  isoelectric  point  is  joH  4-6.  Between 
the  limits  of  acidity,  which  bound  its  solubility  as  the  acid 
or  basic  radicle  of  soluble  salts,  caseinogen  is  insoluble. 

When  acid  is  added  to  milk,  or  when  milk  turns  sour  and 
lactic  acid  is  produced,  the  caseinogen  is  precipitated  and  an 
“  acid  clot  ”  is  formed.  The  acid  combines  with  the  calcium 
of  the  caseinogenate,  giving  free  caseinogen,  and  any  excess 
of  acid  will  change  the  insoluble  calcium  phosphate  into 
soluble  rnono-calcium  phosphate.  The  coagulum  so  produced 
may  be  called  “  acid  casein  ”,  and  from  it  “  free  casein  ” 
can  be  prepared  by  separation  and  purification. 

Acid  or  enzyme  hydrolysis  of  caseinogen  resolves  it  into 
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an  assortment  of  amino-acids,  including  the  essential  amino- 
acids,  and  rather  more  than  20  per  cent  of  glutamic  acid. 

Bacterial  ferments  will  effect  hydrolysis  and  also  split 
off  carboxyl  groups  leading  to  the  production  of  basic  nitro¬ 
genous  compounds. 

The  enzyme  rennin  causes  caseinogen  to  undergo  an 
interesting  change.  When  “  rennet  ”  (a  solution  of  rennin 
prepared  from  calves’  stotnachs)  is  added  to  milk  under 
appropriate  conditions,  a  clot  is  formed.  This  clot,  which  is 
the  raw  material  of  cheesemaking  and  may  be  called  “  rennet 
casein  ”,  contains  fat  and  mineral  matter  as  well  as  protein, 
and  from  it  “  free  casein  ”  can  be  prepared.  The  action  of 
the  rennin,  which  is  imperfectly  understood,  is  upon  the 
caseinogen,  which  is  possibly  converted  into  paracasein  by 
splitting  off  a  proteose  (here  termed  a  caseose),  the  paracasein 
being  precipitated  in  the  presence  of  a  sufficiency  of  calcium 
ions.  The  time  taken  for  clotting  to  occur  is  a  function  of  tem¬ 
pera  ture  and  acidity  as  well  as  of  quantity  of  enzyme  present. 
The  temperature  range  within  which  rennin  will  function  is 
from  10°  C.  to  65°  C.  with  an  optimum  at  40°  C.,  and  it 
functions  best  in  a  weakly  acid  medium  of  pH  about  6-0  to  6-4. 

Lactalbumin.  Milk  contains  about  0-4  per  cent  of  lactal- 
bumin,  which  is  a  protein  containing  carbon,  hydrogen, 
nitrogen,  oxygen  and  sulphur,  but  no  phosphorus. 

It  is  of  similar  elementary  composition  to  blood  albumin 
but  is  not  identical  with  it. 

Unlike  caseinogen,  it  is  not  coagulated  by  rennin  but  is 
coagulated  when  the  milk  is  heated  above  70°  C. 

It  contains  less  glutamic  acid  and  tyrosine  than  does 
caseinogen. 

Colostrum  contains  about  twice  as  much  lactalbumin  aS 
does  normal  milk. 

Lactogbbulin.  There  is  about  0-05  per  cent  of  lactoglobulin 

in  normal  milk,  but  colostrum  may  contain  as  much  as 

per  cent. 
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Like  lactalbumin,  it  is  coagulated  by  heat  but  not  by 
rennin. 

It  is  a  protein  containing  no  phosphorus  and  is  probably 
identical  with  blood  globulin. 

Origin  of  Milk  Protein.  The  results  of  recent  investigations 
show  that  the  caseinogen  and  lactalbumin  are  in  part  built 
up  from  amino-acids  in  the  blood  passing  through  the  mam¬ 
mary  gland,  but  that  the  precursor  of  the  bulk  of  the  milk 
protein  is  blood  globulin. 

Lactose.  Lactose,  or  milk-sugar,  which  is  peculiar  to 
mammalian  milk,  is  the  principal,  if  not  the  only  carbohydrate 
present. 

Milk  contains  about  4*7  per  cent  of  it. 

It  is  a  disaccharide  hydrolysable  to  glucose  and  galactose, 
and  is  believed  to  be  /3-galactosido  glucose  (p.  187). 

It  is  a  soluble  reducing  sugar,  which  forms  an  osazone,  and 
its  solution  reduces  Fehling’s  solution. 

Lactose  is  responsible  for  the  sweet  taste  of  fresh  milk, 
but  its  sweetness  is  less  than  that  of  sucrose.  As  milk  ages, 
however,  the  faintly  sweet  taste  diminishes,  and  is  ultimately 
replaced  by  a  sour  flavour.  This  is  because  the  lactose  is 
transformed  by  bacterial  action  into  lactic  acid  and  the 
change  may  be  represented  thus  : 

Ci2H22On  +  H20  =  4CH3 — CH(OH) — COOH 

When  sufficient  lactic  acid  has  been  developed  (about 
0*7  per  cent)  the  milk  will  curdle,  an  acid  clot  being  formed 
due  to  protein  precipitation  (p.  302). 

Lactose  is  synthesized  in  the  mammary  gland  from  blood 

glucose. 

Mineral  Matter.  The  mineral  matter  of  milk  exists  in 
true  solution  and  also  in  the  colloidal  form  associated  with 
caseinogen. 

The  ash  of  milk,  which  may  be  taken  as  a  measure  of  its 
mineral  content,  amounts  to  about  0-75  per  cent,  but  the 
composition  of  the  ash  does  not  accurately  represent  the 
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composition  of  the  dissolved  electrolytes  in  milk.  During 
the  ashing  process,  considerable  amounts  of  phosphorus  may 
be  lost,  some  protein  sulphur  appears  as  sulphate,  citrates 
are  converted  into  carbonates,  and  if  the  temperature  of 
ashing  exceeds  a  dull  red  heat,  sodium  and  potassium  will 
be  volatilized. 

The  salts  in  milk  include  citrates  and  phosphates  of  calcium, 
magnesium  and  potassium,  and  chlorides  of  sodium  and 
potassium.  Other  elements  present  in  traces  are  iron,  iodine, 
manganese  and  copper. 

Various  investigators  have  found  widely  different  results 
for  the  composition  of  milk  ash,  and  it  is  therefore  at  present 
difficult,  if  not  impossible,  to  give  accurate  figures  for  the 
amounts  of  the  various  salts  present  in  milk. 

The  following  figures  are  an  attempt  to  express  the  mineral 
composition  of  average  milk  in  conventional  terms;  lime, 
CaO,  0-185  per  cent ;  magnesia,  MgO,  0-02  per  cent ;  potash! 
K20,  0-2  per  cent ;  soda,  Na20,  0-08  per  cent ;  phosphoric 
oxide,  P205,  0-235  per  cent;  chlorine,  Cl,  0-15  per  cent. 
There  are  about  2-5  parts  per  million  of  iron,  about  0-5  p.p.m. 
of  copper,  from  0-02  to  0-06  p.p.m.  of  manganese  and  from 
0-001  to  0-06  p.p.m.  of  iodine,  also  present. 


.  Minor  Constituents  of  Milk.  The  minor  constituents 
include  about  0-05  per  cent  of  lecithin  (p.  181)  and  a  similarly 
small  amount  of  cholesterol  (p.  182).  Both  these  are  associated 
with  the  fat.  Oxidative  breakdown  of  milk  fat,  catalysed 
by  traces  of  heavy  metals  such  as  copper,  and  involving 
hydrolysis  and  oxidation  of  lecithin,  leads  to  the  production 
of  tri-methylamme,  N(CH3)3,  and  similar  bases,  and  the 
development  of  a  fishy  taint. 

Milk  also  contains  pigments,  enzymes  and  vitamins. 

Pigments.  Two  kinds  of  pigments  are  present,  fat-soluble 
and  water-soluble. 

The  fat-soluble  ones,  carotene  (p.  246)  and  xanthophyll 
are  associated  with  the  milk  fat  and  responsible  for  its  colour. 
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The  amount  present  depends  upon  the  quantity  of  green 
foods  in  the  ration.  Carotene  is  the  precursor  of  vitamin  A. 

A  water-soluble  pigment,  lactochrome  or  lactoflavine,  is 
also  present  and  is  responsible  for  the  greenish-yellow  colour 
of  the  whey,  or  milk  serum,  which  remains  after  removal  of 
fat  and  caseinogen  from  milk.  It  is  identical  with  vitamin  B2 
(p.  253)  and  its  presence  in  milk  is  apparently  largely  indepen¬ 
dent  of  the  food. 

Enzymes.  Various  enzymes  are  present  in  milk,  some 
naturally,  some  of  external  bacterial  origin.  The  former 
include  peroxidase,  reductase,  phosphatase  and  catalase,  and 
the  latter  include  proteolytic  enzymes. 

For  a  discussion  of  their  nature,  properties  and  function 
reference  may  be  made  to  textbooks  of  dairy  bacteriology. 

Vitamins.  Milk  is  a  good  source  of  vitamins  A  and  B2. 
Other  vitamins  present  are  B1?  C,  D  and  E.  Vitamins  A,  D 
and  E,  being  fat  soluble,  are  associated  with  the  milk  fat 
and  are  found  in  its  unsaponifiable  fraction.  There  is  con¬ 
siderably  more  vitamin  A  than  D  present,  the  content  of  both 
being  influenced  by  the  food.  Milk  is  poor  in  vitamin  E. 

The  water-soluble  vitamins  are  present  in  the  milk  serum. 
Both  vitamins  Bx  and  B2  are  synthesized  in  the  rumen,  so 
that  their  content  in  the  milk  is  not  dependent  upon  their 
presence  in  the  food.  Milk  is  a  rich  source  of  vitamin  B2  but 
contains  much  less  vitamin  Bx. 

Vitamin  C  is  present  in  very  small  amount. 

Other  Substances.  Milk  contains  dissolved  carbon  dioxide, 
oxygen  and  nitrogen.  Carbon  dioxide  is  especially  present 
in  freshly  drawn  milk,  some  of  it  being  given  up  to  the  atmo¬ 
sphere  on  standing.  Doubtless  it  is  of  some  importance  in 
maintaining  calcium  salts  in  solution  ;  an  essential  condition 
for  rennet  coagulation. 

Very  small  quantities  of  urea,  ammonia  and  other  nitro¬ 
genous  bases  have  been  found  in  milk.  Their  exact  significance 
is  not  known. 
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Iron  and  chlorosis,  66 
„  in  animals,  240 
Irrigation,  32 

Kainit,  143,  144 
Kaolin,  11,  45 
Kelp,  147 

Kirschner  value,  300 

Lactalbumin,  303 
Lactase,  205 
Lactation  tetany,  243 
Lactochrome,  Lactoflavin,  306 
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Lactoglobulin,  303 
Lactose,  304 
Laterite  soils,  102 
Latin  square,  79 
Lattice  structure,  11,  45 

„  „  fixation  of  nit¬ 

rogen  by,  55 
Law  of  Minimum,  107 
Leather  dust,  121 
Leuna-saltpetre,  129 
Liebig’s  Mineral  Theory,  105 
Lignin,  formation  of  humus  from,  3 
„  protein,  14 

Lime,  155,  158,  see  aslo  Calcium 
„  influences  effects  of  humus, 

15 

„  requirement,  48 
Limestone  dust,  163 
Liming  materials,  157 
Limiting  factors,  1,  2 
Lipase,  201,  203 
Lipoids,  177 
Liquid  manure,  116 

Magnesian  lime,  limestone,  161, 
162 

Magnesium  in  animals,  243 

„  „  plant  nutrition,  2, 

66 

„  sulphate,  144,  153 

„  tetany,  243 

Maintenance,  276 

„  energy  requirement, 

276 

„  protein,  279 

„  ration,  269 

„  starch  equivalent, 

272 

Maltese,  205 

Manganese  in  animals,  243 

„  „  plant  nutrition,  4, 

66 

,,  sulphate,  153 

Mapping  of  soils,  90 
Marsh  spot,  153 
Mature  soils,  88 
Mechanical  analysis,  22 


Mechanical  analysis  as  basis  for 

mapping, 

92 

„  „  centrifuge 

method,  25 

„  „  correlated 

with  water- 

constants, 

31 

„  „  expressed  by 

curves,  25 
„  „  pipette  me¬ 

thod,  23 

Metabolism,  215 
Metaphos,  138 
Micas,  8 
Microns,  17 

Micro-organisms  of  the  soil,  11 
seq.,  54  seq. 

Milk,  299 

„  enzymes  in,  306 
„  fat,  299 

„  „  origin  of,  301 

„  mineral  constituents  of,  304 
„  minor  constituents  of,  305 
„  pigments,  305 
„  proteins,  302 
»  ,,  origin  of,  304 

,,  vitamins  in,  306 
Mineral  balance,  261 
„  requirements,  280 
„  substances,  189,  233-245 

»  „  function  of, 

233,  234 

Minute  quantities,  significance  of, 
4,  66 

Mitscherlich,  107 

Mitscherlich’s  Pot  Culture  Method, 
73 

Mixing  of  fertilizers,  149 
Moisture,  see  Water 
„  equivalent,  30 

>>  holding  capacity,  29 

Mono-ammonium  phosphate,  149 
Monosaccharides,  183 
Montmorillonite,  11,  45 
Mulching,  33 


INDEX 


312 

Muriate  of  ammonia,  129 
»  „  potash,  145 

Muscovite,  8 

National  Growmore  Fertilizer,  148 
Net  energy  values,  273 
Neubauer’s  Seedling  Method,  72 
Neutral  salts,  action  on  acid  soils, 
51,  68 

Nicotinic  acid,  192,  254 
Night  blindness,  247 
Nitrate  of  lime,  125 
„  „  potash,  126 

,,  ,,  soda,  123 

Nitrates,  effect  of  bare  fallow  on, 
57 

„  formation  in  soil,  56 

„  loss  in  drainage,  57,  61, 

62 

Nitrification,  56 

„  and  farm  economy, 

61 

„  correlated  with  C02 

formation,  56,  57 
Nitro-chalk,  128 
Nitrogen  balance,  257 
,,  free  extract,  195 

,,  gaseous,  fixation  of,  54 

,,  in  plant  nutrition,  2,  4, 

53 

„  loss  of,  57 

„  “  organic  ”  and  “  in¬ 

organic  ”,  113 
„  sources  of,  54 

Nitrogenous  fertilizers,  123 
Nitrolim,  129 
Nodule  organisms,  55 
Non-protein  nitrogen,  174 

,,  ,,  R.Q.,  268 

Nucleoprotein  metabolism,  226- 
228 

Nutritive  ratio,  284 

,,  requirements,  275 

Open-Hearth  Process,  139 
Organic  manures,  113 


Organic  matter  of  the  soil,  11  seq., 

103,  113 

„  of  the  soil,  and  loss 

of  available 
nitrogen,  59 
,,  of  the  soil  and  soil 
air,  39 

,,  of  the  soil  assists 
in  leaching  ses- 
quioxides,  100 
„  of  the  soil  domin¬ 
ant  in  anaerobic 
conditions,  97 
„  of  the  soil,  physi¬ 
cal  effects  of,  15 
,,  of  the  soil,  sources 
of,  111 

,,  of  the  soil  sup¬ 
ports  micro- 
organic  life,  12 

,8 

Osteomalacia,  237 
Osteoporosis,  237 
Oxidation  in  the  plant,  2 

, ,  of  N -compounds  in  soil , 

56 

„  ,,  soil  organic  matter, 

12 

Oxygen  liberated  in  photosyn¬ 
thesis,  3 

„  taken  up  by  micro-organ¬ 
isms,  12 

Pancreatic  juice,  203 
Pantothenic  acid,  192,  255 
Paracasein,  303 
Partial  sterilization,  60 
Particles,  soil,  22  seq. 

„  99  aggregation  in 

crumbs,  27 

„  ,,  chemical  composi¬ 

tion  of,  10 

„  „  flocculation  of,  21 

„  mineralogy  of,  11, 

44,  45 

„  „  settling  velocities 

of,  24,  25 


99 


Orthoclas 
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Particles,  soil,  sizes  of,  22  seq. 

„  „  surface  measured 

by  hygroscopi- 
city,  30 

Peat,  91 
Pedology,  83 
Pellagra,  254 
Pentoses,  183,  184 
Pepsin,  201,  202,  203 
Peptidases,  205 
Permeability  of  soils,  19 
pF,  35 

pH  values,  156 
Phosphatic  fertilizers,  131 
Phosphatides,  181 
Phospholipoids,  181 
Phosphorite,  132,  137 
Phosphorus  in  animals,  235 

„  „  plant  nutrition,  4, 

62 

Photosynthesis,  2,  64 
Pig  iron,  139 
Pining,  241 

Plot  experiments,  74  seq. 

Podsol  soils,  97 
Polenske  value,  300 
Poly  halite,  143 
Polysaccharides,  187 
Pore  space,  26 
Pot  experiments,  81 
Potash  deficiency,  142 
„  salts,  144 
Potassic  fertilizers,  142 
Potassium  in  animals,  239 
„  „  clay  fraction,  10 

„  „  plant  nutrition,  2,  4, 

64 

,,  -ion,  base  exchange  by, 

43 

Potatoes  and  soil  sourness,  47 
Production,  energy  requirement, 
278 

„  protein  requirement, 
280 

Profile,  83  seq. 

Protective  colloids,  18,  100 
Proteins,  167-176 


Proteins  and  body  fat,  221 

„  biological  value  of,  230- 

232 

„  classification  of,  173 

,,  content  in  animal  body, 

167 

„  „  „  plants,  168 

,,  equivalent,  193 

„  functions  of,  172 

„  metabolism,  223-230 

„  requirements,  279 

„  „  for  main¬ 

tenance, 
230,  279 

Protozoa,  11,  60,  61 
Ptyalin,  196,  197 
Purines,  227,  228 
Pyrimidines,  227,  228 

Quality  of  crops,  53,  62,  64 
Quicklime,  158 


Raan,  153 

i  Tfc 

Rainfall  and  soil  air,  39 
Randomized  Block  Method,  80,  81 
Rape  dust,  122 
Reichert  Wollny  value,  300 
Rennet,  303 

„  casein,  303 
Rennin,  201,  203,  303 
Replication  of  plots,  76 

»>  »  ft  chessboard 

method,  79 

»  ft  „  half-drill 


method,  76 
„  interpolated 
standard 
method,  78 
„  Latin  square 
method,  79 

Respiration  apparatus,  259,  260 
»  of  germinating  seeds, 

1 


99 


99 


t,  „  plants,  2 
Respiratory  Quotient  (R.Q.),  266 
Riboflavin,  191,  253 
Rickets,  250 
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Rock  salt,  143 

Rolling,  effect  on  soil  water,  34 
Roots,  289,  293,  297 
Root-development,  62-63 
„  -hair  and  soil  colloids,  70,  71 
„  -sap,  acidity  of,  68 
Rotation  of  crops,  losses  of 
nutrients,  103 

Roughages,  288,  292,  293,  296,  297 

Rumination,  199 

Rye  and  soil  sourness,  47,  48 

Saliva,  196 
Salivary  amylase,  196 
Salt  as  fertilizer,  152 
,,  sickness,  241 

Sand,  cohesion  improved  by 
humus,  15 

„  size  of  particles,  22,  23 
Saponification  value,  301 
Saturated  soils,  42 
Scottish  soils,  11 
Scurvy,  255 

Season  and  nitrification,  56 
„  „  soil  air,  38 

„  ‘  „  soil  temperature,  40 

Sea-water,  action  on  soils,  45 
Seaweed,  120 
Sedimentary  rocks,  10 
Serpentine,  135,  154 
Sesquiozides,  accumulation  of,  in 
laterite  soils,  87, 
102 

„  leaching  and  deposi¬ 
tion  of,  48,  87,  88, 
97 

Sewage  sludge,  119 
Shoddy  manure,  120 
Shrinkage  of  soils,  20 
Silica  distribution  amongst  par¬ 
ticle-sizes,  10 
„  leaching  of,  87,  102 
„  liberation  from  minerals  on 
weathering,  9 
Silicates,  8 

„  weathering  of,  9 
Silicon  in  plant  nutrition,  4?  65 


Silico-phosphate,  138 
Silt,  flocculation  of,  21 
„  size  of  particles,  22,  23 
Single-plot  experiments,  74 
Skatole,  206 
Slag,  basic,  139 
„  blast-furnace,  139,  164 
Sodium-clay,  43,  65,  66 
„  for  mangolds,  124 
„  in  animals,  238 
„  „  plant  nutrition,  4,  65, 

66 

„  -ion,  base  exchange  by,  42 
„  nitrate,  125 
Soil  maps,  90 
„  solution,  69 
„  sourness,  155 
Soil-formation  processes,  83  seq. 
Sol,  18 

Solonetz  soils,  86,  102 
Solonchak  soils,  86,  102 
Soot,  131 
Sour  soils,  47  seq. 

Specific  gravity  of  soils,  27 
Speckled  yellows,  153 
Staggers,  243 
Starch  equivalent,  269 
Stassfurt  deposits,  143 
Steamed  bone  flour,  136 
Steapsin,  203 
Sterilization,  partial,  60 
Sterols,  177,  182,  191 
Stickiness  of  sodium  soils,  43,  45, 
46 

Stickstoffkalk,  129 
Stokes’s  Law,  23 
Structure  of  soil,  2 
Submicrons,  17 
Succulents,  289,  293,  297 
Sucrase,  205 

Sugar-beet  and  soil  sourness,  47 
„  „  waste  lime,  163 

Sulphate  of  ammonia,  126 

„  ,,  potash,  146 

Sulphur,  154 

„  in  animals,  244 

„  „  plant  nutrition,  4,  66 
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Superphosphate,  132 
Surface  law,  278 

„  of  soil  particles,  total,  30 
Sylvinite,  143 

Tchemozem  soils,  87,  101 
Temperature  of  soils,  39 

„  and  soil  air,  39 
Thiamin,  191,  253 
Thyroxine,  241 
Tocopherols,  191,  251 
Total  digestible  nutrients,  283 
Transpiration,  7 
Triple  superphosphate,  134 
Trypsin,  203 

Ultramifcrons,  17 
Unit  price,  150 
Urea,  as  fertilizer,  131 

Valuation  of  fertilizers,  150 
Velocity  of  settling  of  particles,  23 
Vitamins,  190-192,  245-255 
Vitamin  A,  190,  246 
„  Bv  191,  253 

„  B2,  191,  253 

„  C,  192,  255 

„  D,  190,  248 

„  E,  191,  250 

„  K,  191,  251 

Waste  lime,  164 

Water,  see  also  Drainage,  Flooding 


Water  and  soil  air,  39 

„  as  source  of  hydrogen  in 
photosynthesis,  3 
,,  as  weathering  agent,  7 
„  -capacity,  maximum,  29 
„  capillary,  29 
,,  -content  and  soil  tempera¬ 
ture,  40 

,,  „  of  animal  body, 

166 

»>  >,  „  food,  166 

„  functions  of,  166 
„  gravitational,  29 
,,  hygroscopic,  29 
,,  influenced  by  humus,  15 
„  -movement  in  soil,  32  seq. 

„  rate  of  evaporation  of,  19 

„  solvent  action  on  minerals, 

9 

„  transpiration  of,  7 
Waxes,  177,  182 
Weathering,  8  seq. 

Weeds  of  sour  land,  47 
Welsh  soils,  11 
Wheat  and  soil  sourness,  47 
„  following  bare  fallow,  57 
Wilting  coefficient,  31 
Wood  ash,  147 

Xerophthalmia,  247 
X-ray,  11 

Zinc,  244 
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